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Lanthanide-doped upconversion nanoparticles have attracted considerable 
interest owing to their fundamental optical properties of lanthanides and their 
promise for broad applications ranging from bioimaging, sensing, therapeutics, 
to optoelectronic fields. The aim of this thesis was to develop novel 
lanthanide-doped luminescent nanomaterials with tunable emissions for 
bioimaging and therapeutic applications. Specifically, this thesis focused on 
the investigation of synthetic approaches, optical tuning, functionality, and 
biological applications of lanthanide-doped upconversion nanocrystals.  
 In Chapter 2, a rational design and synthesis of highly stable Dox-loaded 
hairpin DNA-functionalized NaYF4@SiO2-Au upconversion nanoconjugates 
were firstly presented. Interestingly, Au nanocrystals on the surface could 
selectively quench upconversion emission in UV and visible region. Thus, as-
prepared nanoconjugates exhibit strong NIR emission centred at 800 nm with 
high NIR-to-Vis ratio and photothermal effect under the 980 nm excitation. 
Importantly, the localized photothermal effect was utilized to trigger the Dox 
molecules to release out from the double-helix structure of thermal-sensitive 
hairpin DNA. Furthermore, these multifunctional upconversion 
nanoconjugates were further demonstrated as smart probes for deep-tissue 
imaging and in vivo light-triggered drug delivery.  
In Chapter 3, a facile cation exchange approach for fine tuning of energy 
migration-mediated upconversion in aqueous solution was demonstrated. 
Through the cation exchange reaction, an obvious color change could be 
observed at room temperature even after a short period. By deliberately tuning 
the component and concentration of activators, multicolor upconversion 
luminescence could be achieved. This postsynthetic approach could easily 
fabricate highly stable high-quality upconversion nanocrystals in aqueous 
solution with desirable optical properties, which would be promising probes 
for biological imaging and detections. 
Finally, a ligand-assisted energy transfer process was introduced for tuning 
upconversion emissions in Chapter 4. In this process, organic ligands capped 
 X 
 
on the surface of nanoparticles served as an energy bridge which firstly 
harvested high energy photons and subsequently back transferred the energy to 
the activators in the shell layers, resulting in new emissions. This ligand-
assisted energy transfer process enables color tuning of upconversion 
emissions by varying the activators and ligands. Importantly, the inorganic-
organic hybrid nanoparticles exhibit high intense dual-mode luminescence. 
This approach would render these luminescent nanomaterials as spectral 
converter more useful in photonic devices. 
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Lanthanide-doped upconversion nanoparticles, which can convert two or 
more low-energy pump photons to a higher-energy output photon via a 
nonlinear optical process, hold great promise for its potential applications in 
lasers, infrared quantum counters, next-generation lighting, and three-
dimensional displays, as well as biological imaging and theraputics.[1] 
Upconversion nanoparticles generally consist of lanthanide dopants and 
inorganic host. Upconversion emissions originate from intra-4f electron 
transitions of lanthanide ions shielded by the complete filled 5s2 and 5p2 sub-
shells, resulting in narrow band width due to weak electron-photon coupling. 
The intra-4f electron transitions render upconversion emissions hardly 
influenced by environment. These unique features of upconversion 
nanoparticles offer a sharp emission bandwidth, long lifetime, and high 
photostability. In addition, low levels of irradiation in the near infrared (NIR) 
spectral region for upconversion, where biological molecules are optically 
transparent, lead to less photodamage to living organisms, weak background 
fluorescence, and deep penetration into biological tissue. Therefore, these 
features render upconversion nanoparticles promising for biological 
applications. On the other hand, these upconversion nanoparticles can also be 
integrated into silicon-based solar cell devices as spectral converters to 
improve the efficiency of a solar cell, which effectively convert non-
absorption incident light with energies smaller than the semiconductor 
bandgap.  
1.1.1 Lanthanide	luminescence	
The lanthanides are a group of elements consisting of the fifteen metallic 
chemical elements with atomic numbers 57 through 71, from lanthanum 





oxidation state as trivalent ions (Ln3+), are extensively studied for their optical 
properties. The lanthanide ions feature an electron configuration of 4fn (0 < n < 
14) and the arrangements of electrons within this configuration are 
substantially diverse (Figure 1.1a). The energy levels of free Ln3+ ions in 4f-
orbitals are determined by, in order of importance, the Coulombic 
interaction and the spin–orbit coupling between f-electrons. The Coulombic 
interaction, which represents the mutual repulsion of the electrons, 
generates the total orbital angular momentum (L) and total spin angular 
momentum (S). Furthermore, the spin–orbit coupling makes the total 
angular momentum (J) of the f-electrons. Each set of L, S, and J 
corresponds to a specific distribution of electrons within the 4f-shell and 
defines a particular energy level. We can derive the energy level of the free 
ions using the term symbols of 2S+1LJ according to the Russell–Saunders 
notation, where 2S+1 represents the total spin multiplicity.[2]  
Lanthanide luminescence originates from intra-4f electron transitions, 
which are shielded by the complete filled 5s2 and 5p2 sub-shells, and exhibits 
fascinating optical properties by their interaction with light. In theory, 
lanthanides with a wealth of energy levels can emit at any wavelength owing 
to the substantial diversity of distributing the electrons over the seven 4f-
orbitals. However, radiative emission is usually only generated from a small 
number of levels of several lanthanide ions featuring a large gap with the next 
lower-lying level. The main emitting levels and transitions of commonly used 






















Figure 1.1 (a) Simplified representation of the effect of Coulombic field, 
spin–orbital coupling, and crystal field interaction on the [Xe]4fn configuration. 
(b) Partial 4f energy level diagrams for the trivalent lanthanide ions commonly 
used for luminescence. The main emitting levels are highlighted in red. 










Upconversion process in lanthanide-doped materials is generally classified 
into four classes: excited-state absorption (ESA), energy transfer upconversion 
(ETU), photon avalanche (PA) and energy migration upconversion (EMU). 
These anti-Stokes processes are generated by sequential absorption of two or 
more photons by metastable, long-lived energy states (Figure 1.2). ESA or 
ETU are the two types of common upconversion processes through the use of 
physically existing intermediary energy states of lanthanide ions. In ESA 
process, two photons are sequentially absorbed using a real intermediary 
energy level in a lanthanide ion. In an ETU process, the excitation photon is 
absorbed by the sensitizer and subsequently transfers the excited energy to the 
neighboring activators  that can emit from a high energy level. PA is an 
unconventional upconversion process. It could lead to strong upconverted 
emission without any resonant ground-state absorption when the pump power 
is above a certain threshold value. The pump wavelength is only resonant 
between a metastable state and a higher energy level. The EMU process in Gd-
based core-shell nanoparticles involves the use of four types of lanthanide ions. 
A sensitizer ion (type I) first absorbs the excitation light and then transfers its 
excited energy to an accumulator ion (type II). Subsequently, the energy is 
transferred from the high-lying excited state of the accumulator to a migrator 
ion (type III). After that, this excitation energy migrates in the sublattice of the 
migrator ion through the core–shell interface. The migrating energy is finally 























Figure 1.2 Simplified energy level diagrams depicting different upconversion 
processes. The ESA, ETU, PA and EMU represent two-photon absorption, 
second harmonic generation, excited-state absorption, energy transfer 























Generally, the synthetic approaches for lanthanide-doped nanocrystals 
mainly consist of co-precipitation, hydro(solvo)thermal, and thermal 
decomposition. 
Co-precipitation is one of the most convenient synthesis techniques. During 
the reaction, capping ligands such as ammonium di-n-
octadecyldithiophosphate or chelating agents such as 
ethylenediaminetetraacetic acid (EDTA) are used to control crystal growth and 
improve solubility of the nanoparticles, as well as provide surface 
functionality. Typically, the solution of precipitates is injected into the mixture 
of Ln salts and host precursors (For instance, sodium fluoride for NaYF4 or 
YF3 nanoparticles; phosphoric acid for LnPO4 nanoparticles). As a 
consequence, nanoparticle precipitation is generated. For efficient 
upconversion to proceed, a relatively higher temperature is sometimes 
required to get a higher crystalline nanoparticle. It is suitable for synthesizing 
ultrasmall lanthanide-doped nanoparticles with narrow size distribution. 
Furthermore, this technique does not require costly equipment, harsh reaction 
conditions or complicated procedures. 
Hydro(solvo)thermal synthesis is also widely used for producing 
nanocrystals in a Teflon-lined autoclave with a certain solvent  at high vapor 
pressures and temperature. This approach allows for the preparation of highly 
crystalline material at much lower temperatures without the need for an 
annealing process.  
Thermal decomposition of metal complex (metal oleate or metal 
trifluoroacetate precursors) in the presence of high boiling temperature 
solvents (oleic acid (OA) and octadecene (ODE)) is another synthetic 
technique for synthesizing highly monodisperse nanoparticles. Apart from 
being the solvent, OA usually serves as passivating ligand which prevents 
nanoparticles agglomeration.  
1.2 Enhancement	of	upconversion	luminescence	
The enthusiasm for research on lanthanide-doped upconversion 





of lanthanides embedded in different host lattices and their promise for broad 
applications ranging from biological imaging to photovoltaic applications. 
Despite the considerable progress made in the past decade, the field of 
upconversion nanoparticles has been hindered by significant experimental 
challenges associated with low upconversion conversion efficiencies. 
Innovative ways have been developed to synthesize high quality, 
biocompatible UCNPs displaying much improved optical properties. Recent 
experimental and theoretical studies on upconversion nanoparticles have led to 
the development of several effective approaches to enhancing upconversion 
luminescence, which could have profound implications for a range of 
applications. Here we attempt to provide a concise survey of several 
approaches that can be used to enhance upconversion luminescence in 
lanthanide-doped nanocrystals (Figure 1.3). These include host lattice 
manipulation, energy transfer modulation, surface passivation, surface 
































Figure 1.3 Schematic illustration of main strategies for enhancing 
luminescence in lanthanide-doped UCNPs. Note that the enhancement in the 
upconversion luminescence in many cases is achieved due to the synergistic 
effects by combining several strategies. Adapted with permission from Ref. 




















Lanthanide luminescence mainly originates from the electron transition 
within the 4fn configuration that consists of enormously complex energy 
levels owing to the spin–orbit coupling and crystal field interaction. In 
principle, the f–f transitions are parity-forbidden. However, mixing of 
opposite-parity configurations can lead to the breakdown of the selection 
rule where electric dipole transitions are weakly allowed. In response to an 
asymmetric crystal field, the probability of the electric dipole transitions is 
greatly increased. Therefore, lowering the symmetry around the lanthanides 
by tailoring the crystal structure may enhance luminescence emission 
intensity. 
The crystal lattices of lanthanide-doped nanocrystals can be modified by ion 
doping for enhanced upconversion luminescence as different sized ions could 
dramatically impact the coordination environment and crystal field splitting of 
lanthanides.[3] Lithium ion is the smallest metallic ion in the periodic table 
with an ionic radius of 0.9 Å. As such, Li+ ions can be easily incorporated into 
the host lattices. Early examples of lithium doping were demonstrated in oxide 
host lattices. For example, Chen et al. reported 25- and 60-fold enhancements 
in the respective green and violet emission of Y2O3:Yb/Er nanophosphors 
through lithium doping.[4] The versatility of the lithium doping approach for 
enhanced upconversion luminescence was later validated by a number of 
research groups in other oxide host matrices, including TiO2,[5] BaTiO3,[6] 
ZrO2,[7] ZnO,[8] ZnWO4,[9] Y3Al5O12,[10] CaMoO4,[11] and GdVO4.[12]  
Alternatively, Li+ ions can be inserted into fluoride host lattices for 
increased upconversion luminescence. In comparison with oxides, fluorides 
usually exhibit low phonon energies and high chemical stability. In 2009, 
Nann and co-workers reported a 30-fold increase in emission intensity of Er3+ 
using Li+-doped NaYF4 host materials.[13] As a separate study, Zhang and co-
workers observed a 8-fold enhancement of Tm3+ emission in Li+-doped NaYF4 
nanoparticles.[14] In addition, gadolinium-based materials have also been 
examined for luminescence enhancement through lithium doping.[15] The Li+ 
ions were incorporated into the GdF3 (or NaGdF4) nanoparticles by mixing Li+ 
ions with the gadolinium precursors formulated to make the nanophosphors. 





makes these nanoparticles particularly useful as dual-modal probes for 
biomedical applications. 
Doping of transition metal ions together with lanthanides in nanocrystals 
can also lead to enhanced upconversion luminescence. This enhancement is 
attributed to the strengthening of the electron-phonon coupling and much 
improved susceptibility to crystal-field and exchange perturbations, because 
the d-orbitals of transition metals have larger radial extension than the f-
orbitals of lanthanides. Successful examples of enhancing upconversion 
emission through transition metal doping include Zn2+, Bi3+, Fe3+, and Sc3+ in 
oxide and fluoride host lattices comprising lanthanide activators.[16] For better 
understanding of upconversion dynamics, a major issue that needs to be 
addressed is the statistical distribution of dopant ions within an individual 
nanocrystal.  
Compared to the conventional chemical doping approaches, the variation 
of crystal lattices by a physical method is desirable as it allows for in-situ 
and real-time modulation of upconversion emission. Recently, Hao et al.[17] 
developed an electric-field-induced enhancement of upconversion 
luminescence. In their study, a ferroelectric host material (BaTiO3) was 
chosen and doped with Yb3+ and Er3+ to produce a BaTiO3:Yb/Er film. The 
authors then varied the structural symmetry of the BaTiO3 host by applying 
a direct current bias voltage. A 2.7-fold enhancement of green 
upconversion emission was observed when the bias voltage was increased 
to 10 V. However, the red emission of the film was not enhanced by 
changing the bias voltage, suggesting the wavelength dependent nature of 
the emission enhancement. The enhancement and modulation of 
upconversion luminescence under the electric field can be attributed to the 
increased distortion of Er3+ site symmetry as a result of the coupling of the 
external electric field with the ferroelectric BaTiO3 thin film.  
1.2.2 Energy	transfer	modulation		
For an upconversion to proceed efficiently, a host lattice with low phonon 
energy is usually required to minimize non-radiative energy loss and 
maximize the radiative emission. Lanthanide-doped oxide materials with high 





efficiencies. It is well known that the transition metals with d–d transitions are 
very sensitive to the environment, and subsequently have the potential to 
overcome the phonon quenching effect, leading to improved energy transfer 
efficiency. Therefore, the incorporation of transition metals into the host 
lattices provides a promising route for intensified upconversion luminescence 
if one can generate controlled energy transfer processes. For instance, recently 
it has been shown by Dong et al. that the emission enhancement can reach 
several orders of magnitude through molybdenum (Mo3+) doping in oxide host 
materials, including Yb2Ti2O7, Al2O3, TiO2, Gd2O3, and Yb3Al5O12.[18] The 
authors attributed this remarkable luminescence enhancement to the efficient 
energy transfer from the excited state of Yb3+–MoO42− dimerized sensitizer to 
Er3+ activator. Similarly, manganese (Mn2+) doping in oxide host lattices has 
proven effective in enhancing upconversion luminescence, especially the 
green emission, through sensitization of Yb3+–Mn2+ dimer.[19] 
In principle, high doping levels of activator ions (Tm3+, Er3+, or Ho3+) 
acting as luminescent centers are used in UCNPs to maximize the transfer 
of the excitation energy absorbed by the Yb3+ sensitizers. However, high 
dopant concentrations typically lead to quenching of the luminescence due 
to cross-relaxation. To address this issue, Jin and co-workers[20] reported an 
intriguing design by applying high-power radiation fluxes onto UCNPs 
with high Tm3+ content. Using a microstructured optical fibre with a 
suspended-core design in which the laser excitation is confined in a 
micrometre-sized core, these researchers achieved a 70-fold enhancement 
in upconverted Tm3+ emission. Importantly, the high pumping power (up to 
2.5×106 W cm−2) was able to effectively alleviate the concentration 
quenching effect, an optical phenomenon frequently observed under low-
power excitation. Tm3+ ion has four important energy states for optical 
transitions labeled with 3H6, 3H5, 3H4 and 1G4. When illuminated with a 
low-power laser, the cross-relaxation between 1G4→3H4 and 3H6→3H5 
optical transitions is likely to cause the concentration quenching of Tm3+ 
emission from its 1G4 state.[21] In contrast, a super-intense laser beam can 
promote the Tm3+ ions, located in the 3H4 intermediate state through cross-
relaxation, to higher-lying energy levels. The synergistic effect of 





enhanced upconversion emission. Similarly, a high doping concentration of 
Yb3+ has also been demonstrated to enhance upconversion emission in sub 
10-nm NaLuF4:Yb/Tm nanocrystals. The authors ascribed the luminescence 
enhancement in these ultrasmall UCNPs to improved absorption and energy 
transfer from Yb3+ to Tm3+ despite the adverse effects of surface and 
concentration quenching.[22]  
To enhance luminescence intensity in lanthanide-doped UCNPs, an 
elevated doping level of Yb3+ sensitizer is typically required for achieving 
practically useful upconversion emission. However, high levels of Yb3+ 
content (typically greater than 20 mol%) in conventional nanocrystals can 
lead to immense quenching of luminescence due to an increased probability 
of random energy migration to lattice or surface defects (Figure 1.4a). 
Therefore, efficient preservation and utilization of the excitation energy 
play a key role in improving energy transfer efficiency. Our group recently 
demonstrated a new class of orthorhombic KYb2F7:Er (2 mol%) 
nanocrystals with Yb3+ ions arranged in tetrad clusters.[23] This lattice 
arrangement effectively minimizes the migration of excitation energy 
(Figure 1.4b), resulting in an unusual four-photon-promoted violet 
upconversion emission at 410 nm with an intensity more than eight times 
























Figure 1.4 Schematic representation showing (a) 3D isotropic energy 
migration and (b) 0D intracluster energy clustering in two different types of 
crystal sublattice. In the latter, the migration of excitation energy can be 
effectively minimized by the energy clustering in discrete sublattices. (c) The 
upconversion emission spectra of KYb2F7:Er (2 mol%) (top) and 
KYb2F7:Er/Lu (2/0-80 mol%) (bottom) nanoparticles obtained under a 980 nm 
laser excitation. The inset is a typical photograph of KYb2F7:Er nanocrystals. 














When compared with their bulk counterparts, lanthanide-doped UCNPs often 
suffer from much stronger surface quenching effects due to their high surface-
to-volume ratio. This is particularly true for small sized nanoparticles in which 
surface-related effects dominate the energy loss mechanism. Lanthanide 
doping processes in these nanoparticles are always accompanied by the 
trapping of a large portion of dopant ions on the outermost layer of the 
nanoparticles (Figure 1.5a). Therefore, the luminescence of the surface 
dopants can be readily quenched by high energy oscillators arising from 
surface impurities, ligands, and solvent molecules through multi-phonon 
relaxation processes. Additionally, the excitation energy carried by the interior 
ions is likely to be transferred to the surface quenching sites, resulting in non-
radiative relaxation.  
The overall de-activation rate constant (kobs) at a specific temperature (T) is 
described by Equation (1): 
 
where kr and knr are the radiative and non-radiative rate constants, 
respectively. Note that knr is the sum of the non-radiative rate constants 
associated with vibrational processes (kvib), photo-induced energy transfer 
processes (ket), and the remaining deactivation paths (k'nr).[24] In lanthanide-
doped UCNPs, the vibration-induced non-radiative process caused by the 
surface quenching effect is mainly responsible for low values of upconversion 
efficiencies. Surface passivation through a conformal shell coating onto the 
nanoparticle offers an effective strategy to tune the energy transfer between 
the dopants. More importantly, through the core-shell design all dopant ions 
can be spatially confined in the interior core of the nanoparticle, thereby 
suppressing the surface-dopant-induced quenching of excitation energy. 
Amorphous shell coating is a convenient approach for increasing the 
efficiency of the energy conversion process (Figure 1.5b). Several studies 
have explored the effect of amorphous shell coating on luminescence 
properties of UCNPs. For example, Lü et al. coated Y2O3:Yb/Tm 





the emission intensity of the nanoparticles can be controlled by varying the 
thickness of the silica shell.[25] In another demonstration, Li et al. reported 
the enhancement of upconversion luminescence in NaYF4:Yb/Er 
nanoparticles by carbon shell coating. In comparison with silica-coated 
counterparts with similar shell thickness, the carbon-coated UCNPs 
exhibited much stronger emission intensities.[26]  
The utilization of an optically inactive crystalline shell having the same 
composition as the host lattice not only provides a strong crystal field, but also 
effectively prevents the transfer of excitation energy to particle surface (Figure 
1.5c). Yi et al. firstly investigated the crystalline shell coating effect in 8-nm 
NaYF4:Yb/Tm nanocrystals coated with a 1.5-nm-thick NaYF4 shell. 
Interestingly, they observed a nearly 30-fold enhancement of the upconversion 
luminescence.[27] This approach could be extended with reasonably good 
success to enhance the luminescence in other host materials.[28] Notably, our 
group recently achieved a more than 450-fold increase in the emission 
intensity for 10-nm NaGdF4:Yb/Tm nanoparticles upon surface coating with a 
2.5-nm thick NaGdF4 shell.[29]  
Dopant diffusion at elevated temperatures is likely to occur at the core-shell 
interface during the shell growth step. To designate the nanoparticle with 
improved thermal stability, a crystalline shell with material composition 
different from the core can be considered. Yan and co-workers have 
demonstrated that the coating of CaF2 shell onto α-NaYF4:Yb/Er nanoparticles 
can markedly enhance upconversion emission.[30] The photoluminescence of 
NaYF4:Yb/Er@CaF2 nanoparticles can be enhanced by a factor of 4 to 5 
compared to NaYF4:Yb/Er@NaYF4 nanoparticles of similar size. In a parallel 
development, Chen et al. reported a 35-fold increase in the NIR emission of α-

























Figure 1.5 Schematic illustrations of different types of core-shell structure for 
enhanced upconversion luminescence. (a) Lanthanide-doped core nanoparticle. 
(b) Amorphous shell coating. (c) Inert crystalline shell coating. (d) Active 
shell design with sensitizers or activators doped in the shell layer. Adapted 























Figure 1.6 (a) Upconversion luminescence spectra of NaGdF4:Yb/Er core, 
NaGdF4:Yb/Er@NaGdF4 (core/inert shell) and NaGdF4:Yb/Er@NaGdF4:Yb 
(core/active-shell) nanoparticles under the excitation of a 980 nm laser. The 
inset shows the corresponding photos of these UCNP solutions. (b) Proposed 
energy transfer mechanism showing the possible pathways responsible for 
emission enhancement in an UCNP coated with a sensitizer-doped active shell. 
Pathway 1: A sensitizer ion (S3+) doped in the shell layers absorbs the 
excitation energy, followed by the migration of excitation energy via the 
neighboring sensitizers through the core-shell interface. Subsequently, the 
migrating energy is trapped by an activator ion (A3+). Pathway 2: A sensitizer 
ion in the shell layer can absorb the excitation energy and directly transfer it to 
the activator ion in the core layer. The dashed/dotted, dotted, and full arrows 
represent photon excitation, energy transfer, and emission processes, 














As an active shell with intentionally added dopants combines the benefit 
of suppressed surface quenching effect with increased capacity for high 
level doping, they can offer attractive optical properties not accessible by 
other types of core-shell structures (Figure 1.5d). In 2009, Capobianco and 
co-workers reported the enhancement of upconversion emission in 
NaGdF4:Yb/Er nanoparticles coated with a thin layer of NaGdF4:Yb shell 
(Figure 1.6a).[32] This Yb3+-modified shell allows the preservation of 
excitation energy and efficient energy transfer to the activators confined in 
the core structure (Figure 1.6b). In two independent follow-up studies, Lin 
and Tsang and their co-workers reported the observation of active-shell-
induced luminescence enhancement in BaGdF5@BaGdF5:Yb and 
CaF2@NaYF4:Yb core-shell nanocrystals, respectively.[33] 
1.2.4 Surface	Plasmon	Coupling	
Noble-metal nanoparticles have gained much interest in recent years due to 
their strong light absorption and scattering, particularly in the visible region. 
Localized surface plasmon resonance can occur in metal nanoparticles in 
which confined free electrons oscillate at frequencies similar to those of 
passing photons and subsequently enter resonance. Surface plasmons are able 
to propagate along a metallic surface and give rise to intense electromagnetic 
fields. Consequently, metal nanoparticles have been proposed as effective 
light-trapping component that can be coupled with UCNPs to boost the 
efficiency of the energy conversion process.  
The intensity (I) of upconversion emission in a typical lanthanide-doped 
nanocrystal can be estimated by Equation (2): 
 
Here,  is the photon flux of the incident radiation, S is the absorption 
cross section of the sensitizer ion (Note: The absorption by the activator ion is 
neglected due to its very small absorption cross section.), ET is the energy 
transfer efficiency from the sensitizer to the activator, and A is the 















Figure 1.7 Schematic illustration showing the plausible mechanism that 
governs the plasmonic enhancement of upconversion luminescence. Note that 
surface plasmon-enhanced luminescence (SEL) depends on various factors 
including the photon flux of the excitation (), absorption cross section (S) of 
the sensitizer, field enhancement factor (M), energy transfer efficiency from 
the sensitizer to the activator (ET), quantum yield (A) of the activator, and 
the relative emission function s(x). Adapted with permission from Ref. [2c]. 














The surface plasmon can greatly influence the luminescence of UCNPs in 
three ways:[34] (i) enhancing the absorption of the sensitizer through electric 
field coupling, (ii) improving the radiative decay rate of the activator, and (iii) 
increasing energy transfer from the sensitizer to the activator (Figure 1.7). 
The strong local electric field (E) induced by surface plasmon resonance 
may enhance the photon flux of the excitation, which is proportional to the 
square of the electric field as described in Equation (3): 
 
Hence, when an UCNP is placed in the vicinity of a metal nanoparticle, an 
improved light harvesting by sensitizer ions due to an effective coupling 
between the electric field of the plasmon with the transition dipole of the 
UCNP can be expected, thereby leading to enhanced upconversion 
luminescence.[35]  
A great deal of coupling occurring between the electrons and phonons in a 
metal nanoparticle can also change the radiative decay rate of the activator 
doped in an UCNP, which modifies the photonic-mode density of upconverted 
luminescence. Therefore, the quantum yield (A) and observed luminescence 
lifetime () can be calculated using Equations (4) and (5), respectively: 
 
where kr, knr and km are the radiative decay rate, nonradiative decay rate, 
metal-induced additional radiative decay rate, respectively. If the UCNP and 
the metal nanoparticle are placed within the range of 5 nm to one another, 
direct electron transfer or FRET can occur and thus quench the luminescence. 
To obtain enhanced quantum efficiency, a minimum spacing of 5 nm is 
generally needed between these two types of optical materials for the 
advantages of decreased nonradiative and increased radiative decay rates.[36]  
The surface plasmon resonance strongly depends on the size, shape, and 
composition of the metal substrate. Therefore, the optimization of plasmonic 
structure is of great significance for enhancing upconversion luminescence. 
Early studies often focused exclusively on spherical Ag particles embedded 





plasmon on upconversion has been investigated in a number of studies 
involving Ag nanowires,[38] single Au nanoparticles,[39] and Au island films,[40] 
with the enhancement factors of up to 5.  
Paudel et al.[41] have shown how conversion efficiency can be largely 
boosted using lithographically patterned nanopillars on Au substrates. The 
plasma frequency of the substrate consisting of Au nanoarrays matched well 
with the excitation frequency. Their finite-difference time-domain simulation 
(FDTD) revealed that this lithographically engineered substrate could provide 
an approximately 11-fold amplification on excitation intensity when compared 
to a smooth Au thin film substrate. In 2012, Saboktakin et al.[42] reported the 
enhancement of upconversion luminescence through use of a 
metal/oxide/upconversion multi-layered structure. They systematically 
investigated the dependence of the luminescence enhancement on the 
thickness of the oxide layer and the type of metal nanoparticles. Maximum 
enhancement factors of 5.2 and 45 were achieved for Au and Ag nanoparticles, 
respectively (Figure 1.8a). One year later, the same group designed Au 
nanohole arrays that enabled frequency-dependent luminescence enhancement 
of up to 35-fold.[43] 
Under the resonant condition, a considerable increase in the excitation field 
could provide a large enhancement in upconversion luminescence. An 
excellent example was demonstrated in 2012 by Chou and co-workers,[44] who 
deliberately designed a 3D plasmonic nanoantenna architecture consisting of 
periodic SiO2 pillars encapsulated with different types of Au nanostructures. 
The plasma frequency could be tuned by varying the height of the SiO2 pillars. 
When the resonant-absorption peak was tuned at ∼920 nm with an optimal 
pillar height of 75 nm, a remarkable 310-fold luminescence enhancement over 


















Figure 1.8 Selected forms of lithographically patterned plasmonic arrays for 
enhanced upconversion luminescence. a) Green emission enhancement in 
patterned Au/Al2O3/NaYF4:Yb/Er thin films. b) Luminescence enhancement 
in the green (550 nm) and red (660 nm) emission through use of a disk-
coupled dot-on-pillar antenna array (D2PA). c) Upconversion emission 
enhancement using NaYF4:Yb/Er particles coupled with patterned gold 
pyramids. Left panel: the confocal image and corresponding emission spectra 
of the patterned nanostructures. Right panel: simplified schematic of the 
plausible energy transfer, upconversion, and quenching processes taking place 
in the hybrid system. Adapted with permission from Refs [42] (Copyright 
2012, American Chemical Society), [44] (Copyright 2012, Wiley-VCH.), 












Apart from the excitation-field enhancement and improvement over the 
radiative decay rate, surface plasmon coupling can alter the rate of energy 
transfer from the sensitizer to activator ions. To test this idea, Nagpal and his 
colleagues[45] reported a 6-fold rate amplification in the energy transfer from 
Yb3+ to Er3+ using gold pyramid arrays (Figure 1.8c). By comparing the 
experimental results obtained from the glass, flat Au and as-prepared Au 
pyramid substrates, they successfully decoupled different effects of patterned 
metal nanostructures on upconversion emission, including electromagnetic 
field, quenching, and energy transfer dynamics.  
As in the plasmonic arrays, there is evidence that core-shell UCNPs 
modified with noble metals may also lead to enhanced upconversion 
luminescence. The core-shell design is more feasible for biological 
applications in which control of particle dispersion is essential. The plasmon-
enhanced UCNPs adopting core-shell structures can be broadly classified into 
three categories: UCNP-core/polymer-shell (or silica-shell) systems decorated 
with metal nanoparticles (Type I), UCNP-core/silica-shell/metal-shell systems 
(Type II), and metal-core/silica-shell/UCNP-shell systems (Type III).  
It is important to note that the metal-shell design (Types I and II) may 
cause a decrease in the light absorption by the UCNP core because of the 
scattering and absorption that occurs for plasmonics. In addition, under 
direct and prolonged light irradiation, thermal stability of the metal shell 
becomes a crucial issue, which often leads to poor optical performance. By 
comparison, the metal-core configuration (Type III) is designed for 
maximum light absorption by the UCNP shell and flexible control over the 
size of the metal core. As an added benefit, the thickness of the spacer layer 
that separates the metal core from the UCNP shell can be conveniently 
controlled to achieve an optimized plasmonic enhancement effect. In 2010, 
a paper by Zhang et al.[46] made the case that an optimized spacer thickness 
in Ag@SiO2@Y2O3:Er nanoparticles can lead to a maximum emission 
enhancement factor of 4. In 2013, Ge et al.[47] also demonstrated the 
feasibility of using the metal-core configuration for upconversion 
luminescence enhancement. In their report, the green emission (~ 549 nm) 






The shape of active plasmonic nanostructures can also be tailored to 
provide precise control over upconversion luminescence. It is well 
established that spherical Au nanoparticles exhibit a single plasmon band, 
whereas structures such as nanorods exhibit two characteristic peaks 
corresponding to longitudinal and transverse modes. Critically, the 
longitudinal mode allows the optical absorption range to be extended to the 
NIR region. Thus, the longitudinal mode can be effectively coupled to 
commonly used 800 nm or 980 nm excitation sources for luminescence 
enhancement. Zhang et al.[48] validated this hypothesis in 
Au@SiO2@LaF3:Yb/Er core-shell nanostructures featuring Au nanorods 
with average aspect ratios of 3-4. Interestingly, they observed a 6.5-fold 
enhancement of Er3+ emission at 550 nm through use of the Au nanorods. 
1.2.5 Broadband	Sensitization	
Surface passivation and surface plasmon coupling have proven effective 
in enhancing upconversion luminescence. However, the limitation inherent 
to conventionally used 980 nm laser sources needs to be addressed to make 
upconversion nanomaterials practically useful. For imaging of biological 
systems, the 980 nm laser excitation often causes strong water absorption 
and thus sample overheating, which can result in cell and tissue damage. 
For applications in photovoltaics, one would also need upconverters 
capable of absorbing photons covering a wide spectral range for high 
conversion efficiency. Recently, considerable efforts have been devoted to 
developing novel nanoparticles featuring broadband NIR absorption.  
An ideal broadband spectral sensitizer for photon upconversion should 
meet the following criteria: wide bandwidth characteristics of the excitation 
spectrum, low density of energy states in the visible to minimize the 
probability of back energy transfer from the activator to sensitizer, weak 
coupling of the excitation energy level with lattice phonons, and a large 
energy gap to the next lower level to minimize the non-radiative cross-
relaxation.[49] 
Incorporation of two different sensitizers into a nanoparticle is an easy 
way to expand the excitation spectrum. Er3+ and Ho3+ ions have strong 





1250 nm (5I8→5I6 transition), respectively. Both absorption ranges are 
transparent to crystalline-silicon (c-Si) solar cells. Upon photon upconversion, 
the particle emission matches well with the absorption of c-Si (Eg = 1.1 eV). 
This upconversion strategy provides an effective solution to thermalization 
and loss of sub-bandgap light in c-Si solar cells. An intriguing proof-of-
principle example was demonstrated by Wang and co-workers,[50] who 
examined a series of NaGdF4:Er@NaGdF4:Ho@NaGdF4 core-shell-shell 
nanoparticles. In their design, Er3+ and Ho3+ ions were doped into the core and 
inner shell layer, respectively. This core-shell design effectively suppressed 
the adverse energy transfer between the two sensitizers while maximizing light 
absorption in the NIR range. 
In energy transfer upconversion process, Yb3+ ions are usually used as 
sensitizers for upconversion luminescence. However, relative narrow 
absorption band of Yb3+ limits its photovoltaic applications. Nd3+ ions can be 
an ideal sensitizer owing to its large absorption cross section around 800 nm. 
Alternatively, Nd3+ has multiple NIR excitation bands at 730, 808, and 865 nm, 
respectively[51]. Therefore, in Nd3+-based  upconversion nanoparticles (usually 
Nd3+/Yb3+ co-doping), the broadband excitation spectral range often leads to 
enhanced luminescence intensity.  
In the first demonstration, Han and co-workers[52] firstly demonstrated an 
800 nm-responsive upconversion luminescence through cascade sensitization 
of Nd3+/Yb3+/Er3+ (or Tm3+) tri-doped upconversion colloidal nanoparticles. 
The potential benefit of Nd3+-sensitized upconversion in nanoparticles for 
broadband sensitization has also been validated by several other research 
groups.[53] Together, these efforts reveal important features about the 
incorporation and organization of Nd3+ ions in UCNPs and shed light on more 
efficient multiphoton access to the infrared region. 
Alternatively, organic dyes can be used as broadband sensitizers for 
enhanced upconversion luminescence due to their large absorption cross 
sections. Zou et al.[54] showed that the utilization of a carboxylic acid-
modified cyanine dye enabled a broadband excitation of NaYF4 
nanoparticles codoped with Yb3+ sensitizers and Er3+ activator ions. In their 
design, the cyanine dye, placed in close proximity to the nanoparticle, acts 





wavelength range (740–850 nm) and then transfers this energy to Yb3+ ions 
trapped in the host lattice through a FRET process. Over a spectral range 
from 720 nm to 1,000 nm, the dye-sensitized nanoparticles showed a 
remarkable 3,300-fold increase in luminescence intensity as a result of 
increased absorptivity and overall broadening of the absorption spectrum of 
the nanoparticles. 
1.2.6 Photonic	Crystal	Engineering	
Photonic crystals, made from artificial periodic patterns of materials with 
different permittivities, have been recently explored as promising 
alternatives to enhance upconversion luminescence. Light can be trapped in 
photonic crystals with an enhanced density of optical states and then guided 
to interact with UCNPs. Through resonance of the input frequency with 
photonic crystal modes, increased electric field intensity can be anticipated, 
leading to amplified absorption of the nanoparticles at the resonant 
frequency. 
Song and co-workers[55] examined the effect of adding NaYF4:Yb/Tm/Er 
UCNPs to photonic crystals based on polymethyl methacrylate (PMMA) 
opals. This carefully designed system can yield a maximum achievable 
intensity 32 times higher than the unstructured nanoparticles. They found 
that the degree of the enhancement strongly depends on the stop band of 
photonic crystals. A maximum luminescence improvement was achieved 
when the excitation frequency matched well with the stop band. Yang and 
co-workers[56] also demonstrated that Yb3+/Er3+ or Yb3+/Tm3+ codoped 
NaYF4 nanoparticles, resting on polystyrene-based photonic crystals, can 
boost upconversion emission intensity. Mechanistic studies led to the 
suggestion that the Bragg reflection of the photonic crystals and the close 
match of the photonic bandgap to the emission wavelength are major 
contributors to the improved luminescence. Very recently, Niu et al.[57] 
developed an interesting method for using photonic crystals to increase the 
fraction of incoming light absorbed by NaYF4:Yb/Tm nanoparticles. Their 
materials comprised a structured polystyrene frame filled with a periodic 
arrangement of air pores. The nanoparticles sat on the surface of the pores. 





observed with the hybrid materials than the same experiment performed 
with the nanoparticles alone. The researchers further fabricated a carbon 
nanotube-based phototransistor designed specifically to take advantage of 
the upconversion photonic crystals. The device showed a 10-fold increase 
in photoresponsivity in the NIR range.  
1.3 Optical	tuning	of	upconversion	nanocrystals	
1.3.1 Variation	of	dopant	ions	
The luminescence of lanthanide-doped nanoparticles primarily originates 
from the f-f transitions of lanthanide dopants. Therefore, the commonly used 
strategy for color tuning of lanthanide-doped nanoparticles is to adjust the 
multi-peak emissions ratio of lanthanide ions by varying dopant composition 
and concentrations. Our group[58a] tuned the red-to-green emission ratio of Er3+ 
in NaYF4:Yb/Er nanoparticles through controlling back-energy-transfer from 
Er3+ to Yb3+ by varying Yb3+ concentration. Similarly, the NIR-to-visible 
emission ratio of Tm3+ in NaYF4:Yb/Tm nanoparticles was also modulated by 
adjusting Tm3+ concentration to control cross-relaxation between Tm3+ ions. 
Furthermore, multicolor fine tuning could be achieved by codoping the 
activators with different emitting wavelengths. They developed a codoped 
strategy to successfully achieve fine tuning of multicolor emissions in NaYF4 
nanoparticles activated with Er3+ and Tm3+. They observed that a subtle 
variation in the Er3+ concentration lead to prominent changes in emission 
intensity balance between Er3+ and Tm3+, giving rise to a broad range of color 
output from white to blue (Figure 1.9). The versatility of the doping approach 
for fine tuning emission colors was later confirmed by several other studies[58b-
d] in a wide variety of host matrices. It should be noted that different 
lanthanide activators typically tend to quench each other’s emission through 
deleterious cross-relaxations. Therefore, the activator concentrations should be 
substantially low (<2 mol%) to minimize activator-activator interactions for 
efficient dual emission processes. The codoping method for multicolor tuning 














Figure 1.9 Room temperature photoluminescence spectra of (a) NaYF4:Yb/Er 
(18/2 mol%), (b) NaYF4:Yb/Tm (20/0.2 mol%), (c) NaYF4:Yb/Er (25–60/2 
mol%), and (d) NaYF4:Yb/Tm/Er (20/0.2/0.2–1.5 mol%) particles in ethanol 
solutions under 980 nm excitation. Compiled luminescent photos showing 
corresponding colloidal solutions of (e) NaYF4:Yb/Tm (20/0.2 mol%), (f–j) 
NaYF4:Yb/Tm/Er (20/0.2/0.2–1.5 mol%), and (k–n) NaYF4:Yb/Er (18–60/2 
mol%). Adapted with permission from Refs [58a] (Copyright 2008, 













Host matrices can exchange excitation energy with the lanthanide dopants 
to tune upconversion emission of the dopant ions at a specific wavelength. An 
interesting example has been demonstrated that the strong interaction between 
Mn2+ and Er3+ ions in MnF2:Yb/Er nanocrystals can result in losses of the 
excitation energy at the 4S3/2 level of Er3+. This subsequently leads to 
increased population at the 4F9/2 level of Er3+ because of energy transfer from 
Mn2+ to Er3+. As a result, an enhanced intensity ratio of red-to-green emission 
can be obtained.[59] On the basis of these observations, we recently 
demonstrated a general method for the synthesis of lanthanide-doped KMnF3 
nanoparticles that exhibit unusual single-band upconversion emissions at ~660 
nm on 980 nm laser excitation.[60] We showed that the absence of dopant 
segregation from host lattice is essential for thorough energy exchange 
between the dopant ion and host Mn2+ ion. Similar observations of single-band 
emission were also reported in NaMnF3[61], Mn2+-doped NaYF4[62] and 
Na3MF7(M=Zr, Hf)[63] host materials. The intense single-band emission 
provides a promising platform for in vivo bioimaging at a substantial tissue 
depth. 
Another notable class of host lattices capable of exchanging the excitation 
energy with the dopants is gadolinium-based host materials comprising 
optically active sublattices. Through the Gd3+ sublattice, the migration of the 
excitation energy is possible with fast rates over a long distance in favor of 
energy transfer process. It should be noted that the energy migration through 
Gd3+ sublattices has been broadly investigated for multicolor downconversion 
luminescence under a single wavelength excitation.[64] A key advantage of 
using Gd3+-based host lattices is that the energy migration process can permit 






















Figure 1.10 Energy migration-mediated upconversion (EMU) in core-shell 
nanoparticles. (a) Schematic design of a lanthanide-doped NaGdF4@NaGdF4 
nanoparticle for EMU (X: activator ion). (b) Proposed energy transfer 
mechanisms in the nanoparticle. Note that only partial energy levels of Tm3+ 
and Gd3+ are shown for clarity. (c) Emission spectra of the core-shell 
nanoparticles doped with different activators. Adapted with permission from 













Despite the attractions, the generation of efficient luminescence through 
Gd-sublattice-mediated energy migration is generally restricted to 
downconversion. The challenge of upconversion in lanthanide activated 
systems has been met with limited success largely because of deleterious 
cross-relaxation between dopants and uncontrolled energy migration to defects. 
For upconversion to proceed, a general prerequisite for the activators is to 
have long-lived intermediary energy states. In 2011, our group demonstrated 
that by engineering a core-shell structure with a set of lanthanide ions 
incorporated into different layers at defined concentrations, efficient 
upconversion emissions can be realized through energy migration for a large 
array of lanthanide activators (Eu3+, Tb3+, Dy3+, and Sm3+) without long-lived 
intermediary energy states (Figure 1.10).[65] Equally important, we showed 
that the effect of energy migration through the Gd sublattice can be harnessed 
to provide inter-particle energy transfer to lanthanide-doped nanocrystals as 
energy acceptors. This optical phenomenon is striking, considering that 
lanthanide-doped nanocrystals have been rarely used as acceptors for Förster 
resonance energy transfer (FRET) studies due to their significantly narrow 
absorption cross sections (~10-21 cm2). 
To prevent the surface quenching of the migrating energy, our group further 
developed a core-shell-shell strategy with an optically inert NaYF4 layer 
grown onto the lanthanide-doped NaGdF4:Yb/Tm@NaGdF4:A nanoparticle. 
We showed that substantially enhanced upconversion emission through energy 
migration could be achieved by this multilayered core-shell design. More 
importantly, the NaYF4 shell-coating strategy enabled tunable optical 
emissions for the activators doped at very low concentrations (down to 1 mol% 
for Dy3+, Sm3+, Tb3+ and Eu3+).[66] 
1.3.3 Spatial	confinement	of	dopants		
To achieve multicolor upconversion emissions, various emitting ions are 
often co-doped in the host matrix. However, the dopant-dopant interactions in 
the host lattice are usually accompanied by quenching effect. It requires 
decreasing of dopant concentration. Recently, spatial confinement of dopant 
ions in core-shell nanostructures could effectively decrease deteriorative 





strategy provides a new direction for multicolor tuning by integrating multiple 
dopant ions into a single nanoparticle with energy exchange interactions. 
  Apart from enhancing emission intensity, the activators-doped active shell 
can be used to fine tune upconversion emission. The first example is 
demonstrated by Zhang and co-workers[67], who reported NaYF4@NaYF4 
core-shell nanocrystals doped with Yb3+/Tm3+ and Yb3+/Er3+ into the core and 
shell layer, respectively.  Using this strategy, tunable emission colors were 
readily generated by varying the dopant concentrations of Tm3+ and Er3+. 
Later, this core-shell confinement strategy was explored by Chen and co-
workers[68] to achieve dual-modal emissions in NaGdF4:Yb/Tm@NaGdF4:Eu 
core-shell nanocrystals. The advantage of using NaGdF4:Eu active shell is that 
it allows them to enhance upconversion luminescence of the NaGdF4:Yb/Tm 
core while the downshifting luminescence of Eu3+ is not compromised. In a 
recent study, Wang and co-workers[69] came up with a recipe to synthesize 
sub-10 nm BaF2:Yb/Tm@SrF2:Gd/Nd nanocrystals comprising a hetero-core-
shell nanostructure. Importantly, the upconversion emission of Yb3+/Tm3+ 
couple and downshifting emission from Nd3+ and Yb3+ ions were both located 
in the NIR window, also known as optical or therapeutic window, where light 
has its maximum depth of penetration in tissue. These characteristics in 
combination with the magnetic property of Gd3+ make 
BaF2:Yb/Tm@SrF2:Gd/Nd nanocrystals an excellent candidate as multi-modal 
probe for medical imaging and diagnosis. 
1.3.4 Tuning	excitation	light	wavelength		
The conventional UCNP-based technique has made high-contrast biological 
imaging possible due to the elimination of autofluorescence, but it requires the 
development of suitable particle systems which can be excited by 800 nm 
lasers to minimize the overheating effect associated with 980 nm excitation. In 
2011, Andersson-Engels and colleagues[70] reported in vitro and in vivo 
bioimaging without the overheating concern using 915-nm-excitable 
NaYbF4:Tm/Er/Ho UCNPs. The researchers also demonstrated that the 915 
nm laser is superior to the 980 nm counterpart for deep tissue imaging. 
In energy transfer upconversion process, Yb3+ ions are usually used as 





absorption cross section around 980 nm. However, the strong absorption of 
water and biological tissue at 980 nm can cause adverse heat effect when the 
upconversion nanoparticles serve as biomarkers in biological applications. 
Moreover, relative narrow absorption band of Yb3+ limits its photovoltaic 
applications. Nd3+ ions can be an ideal sensitizer owing to its large absorption 
cross section around 800 nm in the biological window.  Therefore, Nd3+-based 
upconversion luminescence shows great potential in biological applications. 
Alternatively, Nd3+ has multiple NIR excitation bands at 730, 808, and 865 nm, 
respectively[51]. Therefore, in Nd3+-based  upconversion nanoparticles (usually 
Nd3+/Yb3+ co-doping), the broadband excitation spectral range often leads to 
enhanced luminescence intensity.  
Han and co-workers[52] took one step further and reported Nd3+-based 
nanoparticles excitable by an 800 nm laser. This 800 nm laser excitation is 
idea for biological imaging because of low absorption coefficients of many 
biological specimen and water at this wavelength. It is also worth noting that 
Nd3+ has two additional NIR absorption bands at 730 nm and 865 nm, in 
addition to the strong absorption peak at 800 nm (Figure 1.11a).[51]  
In aforementioned Nd3+-sensitized upconversion luminescence, a low 
doping level of Nd3+ is required to minimize concentration quenching. This 
constraint greatly decreases the harvesting of excitation light. Consequently, 
the upconversion emission intensity is restricted. To overcome this problem, 
spatial confinement of lanthanide dopants in a core-shell structure provides an 
effective way to alleviate deleterious cross relaxation among dopants at a high 
doping level.  Similar with Yb3+-doped active shell, Nd3+ ions in the shell 
layer could absorb the excitation energy and then transfer it to Yb3+ ions in the 
core. Finally, the excited energy of Yb3+ ions is trapped by the emitting ions, 
thereby improving the overall emission intensity. By coating with a Nd3+-
active shell, our group[71] achieved about 405-fold enhancement of Tm3+ 
emissions compared to the uncoated NaYF4 core nanoparticles under the 800 
nm excitation Furthermore, the emission intensity of the active shell-coated 
nanoparticles is about 7 times higher than the nanoparticles coated by an inert 
NaYF4 shell (Figure 1.11b). In a parallel investigation, Yan and colleagues[73] 
also reported intense Nd3+-sensitized upconversion luminescence in 





use of the Nd3+-based UCNPs showed comparable efficacy for in vivo 
bioimaging to Yb3+-based particles when irradiated at 808 nm and 980 nm, 
respectively (Figure 1.11c). Notably, the mice exposed to 808 nm laser over a 
period of 5 min did not show noticeable heating effect as opposed to the 
control group excited with 980 nm laser (Figure 1.11d). In additions, several 
recent studies further revealed that Nd3+-sensitized upconversion luminescence 
can offer high photostability for prolonged imaging with minimized 
overheating effect in the biological samples compared to Yb3+-sensitized 
counterparts.[53]  
Although great progress has been achieved by an active shell, the doping 
concentration should still be kept below a critical value (<20%). An elevated 
doping concentration will lead to a severe quenching effect and back energy 
transfer from the activators to Nd3+ ions. Recently, Zhong et al.[53b] reported a 
quenching-shield sandwich structure, in which a transition layer is 
incorporated into the core-shell structure to effectively block energy back-
transfer from activators (Er3+, Tm3+, Ho3+) to the sensitizer. This quenching-
shield sandwich structure allows a high doping concentration of Nd3+, which 
lead to a 10 times higher absorption than that of Yb3+ at 975nm. Significantly, 
this strong absorption enables an excellent Nd3+-sensitized upconversion 
luminescence, which is even higher than Yb3+-sensitized emission intensity. 
In another intriguing demonstration, Wang and co-workers[53a] reported a 
novel core-shell design to realize tunable upconversion emissions from UV to 
the visible spectral region under the excitation at 808 nm. The energy 
management in core-shell structure effectively utilized the bridging role of Yb 
and Gd sublattice, which can bridge the excitation energy harvested by Nd3+ 
ions, and subsequently deliver the excited energy to activators in shell layers. 
The core-shell engineering enabled a broad range of activator emissions and 

















Figure 1.11 (a) Absorption spectrum of NaGdF4:Yb/Er@NaYF4:Nd/Yb 
nanoparticles. (b) Proposed Nd3+-sensitized upconversion mechanism in core-
shell nanoparticle under 800 nm excitation. (c,d) In vivo upconversion images 
(Marked by circles) of a nude mouse injected with 
NaGdF4:Yb/Er@NaYF4:Nd/Yb nanoparticles and under the 980 nm and 808 
nm laser irradiation, respectively. (e,f) In vivo heating effects induced by the 
irradiation of two laser sources as a function of exposure time. Adapted with 
permission from Refs [71] (Copyright 2013, American Chemical Society), 

















Nanoscale integration of upconversion nanocrystals and other types of 
optical entities in one nanostructure opens up a new exciting opportunity for 
tunable multicolor emissions. Furthermore, the integration of various 
functional building blocks may endow the nanostructures with promising 
functionalities for future applications. 
An interesting example was demonstrated by Zhang and co-workers[72], 
who coupled organic dyes and quantum dots with lanthanide-doped 
upconversion nanoparticles. In their work, the NaYF4:Yb/Er (or Tm) 
nanoparticles were coated by a mesoporous silica shell incorporated with 
fluorescein isothiocyanate (FITC), tetramethylrhodamine isothiocyanate 
(TRITC), and QD605. Upon the excitation of a 980 nm laser, the upconverted 
emission of NaYF4 nanoparticles was generated and partially transferred to the 
guest optical entities encapsulated in the silica shell through fluorescence 
resonance energy transfer (FRET), resulting in a dual emission with 
controllable intensity balance. In another parallel development, Yan et al.[73] 
reported a rational design and synthesis of CdSe-NaYF4:Yb/Er heterostructure 
that offers sub-band-gap photoconductivity and tunable photoluminescence.  
Another intriguing demonstration is that assembly of lanthanide-doped 
nanoparticles with tunable emissions. Li and co-workers[74] have developed a 
self-assembly method to form the superstructures consisting of lanthanide-
doped nanoparticles with up- and down-conversion emissions. The binary 
nanostructures with dual-mode luminescence properties were achieved by 
using two sets of nanoparticle units that respectively respond to UV and NIR 
excitation. Using an assembly approach, Zhang and coworkers[75] encapsulated 
NaYF4:Yb/Er and NaYF4:Yb/Tm nanoparticles (∼25 nm) in polystyrene beads. 
The tunable colors were deliberately obtained by changing the molar ratio of 
different types of nanoparticles. 
Coupling of metallic nanoparticles with lanthanide-doped nanoparticles has 
also been used for tuning upconversion emission owing to the strong surface 
plasmon absorption of the metal nanoparticles in the visible spectral region 
For example, Li et. al.[76] have reported improved upconverted emission with a 
higher red-to-green ratio by depositing 5-nm gold nanoparticles on 





the emission of Er3+ centered at around 540 nm by the surrounding gold 
nanoparticles. To avoid extinction of the luminescence, the size and 
composition of the metal nanoparticles should be carefully selected, coupled 
with fine positioning of the metal nanoparticles around the lanthanide ions. 
1.4 Scope	and	outline	of	the	thesis	
The broad applications of lanthanide-doped upconversion nanomaterials in 
various fields have prompted the development of a new class of novel 
upconversion nanoparticles with abundant desirable color outputs. Although 
considerable strategies have been developed for fine tuning of upconversion 
luminescence, there are still some limitations in these systems.  Research gaps 
for the current study of tuning emission are summarized below: 
(1) In triply-doped upconversion nanoparticles, efficient upconversion is 
generally restricted to Er3+, Tm3+ and Ho3+ activators, characterized by 
ladderlike arranged energy levels essential for facilitating the successive 
photon absorption and energy transfer steps.  Therefore, more activators 
should be exploited.   
(2) Moreover, these triply-doped upconversion nanoparticles often suffer 
from deleterious cross-relaxations between activators, thereby suppressing the 
overall upconversion intensity.   
(3) In addition, the small absorption cross section of lanthanide ions and 
low conversion efficiency of upconversion luminescence often hamper their 
potential applications. Therefore, highly intense upconversion luminescent 
nanoparticles with multicolor outputs should be developed under a single 
wavelength excitation. 
The main aim of this study was to develop a new class of novel 
upconversion luminescent nanomaterial with tunable color output. The 
specific objectives of this research were to: 
(1) Synthesize core-shell nanoparticles to minimize the deleterious cross-
relaxations between activator and surface quenching from surrounding 
environment. 






(3) Tune upconversion emissions by nanoscale integration of upconversion 
and other functional materials (such as Au and organic ligands). 
The results of this present study may have significant impact on tuning 
upconversion emissions. Several new strategies in this research offer an 
opportunity to realize a wide range of emission colors from activators.  
Moreover, the study should provide a new insight for understanding the 
mechanism of upconversion luminescence including (1) energy transfer 
between metal and upconversion nanoparticles, (2) surface quenching effect in 
lanthanide-doped upconversion nanoparticles, and (3) interaction between 
organic ligand and lanthanides. 
This thesis focuses on design and synthesis of upconversion emissions with 
tunable emissions. Lanthanide-doped inorganic nanocrystals are used for 
upconversion luminescence. Other types of upconversion processes (e.g. 
Triplet–triplet annihilation (TTA), Second harmonic generation (SHG), Two-
photon absorption (TPA)) are not investigated in this thesis. All the hexagonal 
upconversion nanoparticles in this study are prepared by the co-precipitation 
method. The strategies for tuning upconversion emissions in this research 
includes spatially confining the activators in core-shell nanoparticles to avoid 
the deleterious cross relaxation between activators, exploiting a new class of 
activators to achieve upconversion emissions based on energy migration-
mediated upconversion process, and tuning emission by integrating 
upconversion and Au nanoparticles, as well as organic ligands. Other materials 
are beyond the scope of this study. 
Specifically, this thesis will cover the detailed research work in the 
following chapters. In the 2nd chapter, I will introduce nanoscale integration of 
upconversion luminescence and Au nanoparticles with strong NIR (800 nm) 
emission for deep-tissue imaging and light-controlled drug delivery. Then fine 
tuning of energy migration-mediated upconversion in aqueous solution 
through a facile cation exchange process will be presented in the 3rd chapter. 
Finally, a ligand-assisted energy transfer process to modulate upconversion 
luminescence will be discussed in the 4th chapter. Finally, the conclusion and 
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Fluorescent biomarkers that enable monitoring of diagnostics, therapeutics, 
and response to treatment have drawn great attention in the past decades.[1] In 
particular, considerable efforts have been devoted to the development of near-
infrared (NIR) to near-infrared fluorescent probes.[2] Among them, lanthanide-
doped upconversion nanocrystals, which are able to convert NIR excitation 
into shorter wavelength emissions, show great promise for biolabeling due to 
their unique features such as high photochemical stability, sharp emission 
bandwidths, and large anti-Stokes shifts. Recently, upconversion nanoparticles 
have been widely used as luminescent biomarkers for bioapplications.[2f, 3] 
Despite the advances, the surface functionalization and improved stability of 
upconversion nanoparticles in physiological environment are still 
challenging.[4]  
To render a biological functionality and high stability to the nanomaterials, 
the crucial step is to effectively modify functional molecules to nanoparticles 
surface and to ensure the nanoconjugates stable under physiological 
environment. To meet these requirements, many strategies, especially surface 
functionalization with polymers[5] and biomolecules[6] have been developed. 
Nevertheless, most of these strategies often suffer from the complicated 
synthetic process, poor compatibility and further functionality, unstability in 
high salt physiological environment. Alternatively, DNA-functionalized 
nanoparticles offer great potential to solve these problems. For example, DNA 
modification on the surface of Au nanoparticles could significantly improve 
their stability even at high salt buffer solutions. In addition, the 
programmability inherent to DNA in both sequence and length can be 
exploited to develop a variety of flexible functionalities by rationally 
designing certain sequence and length. Thus, DNA-functionalized 
nanoparticles have widely used in biosensing, targeting, gene therapy and drug 
delivery.[7] However, till now it is still very difficult to achieve highly stable 
DNA-modified upconversion nanoparticles with functionalities in 
physiological environment owing to the poor affinity between DNA and 
upconversion nanoparticles. Driven by the issues above mentioned, Au 
nanoparticles can be employed as an anchor to achieve simultaneous 





Moreover, excellent biocompatibility of Au nanoparticles endures the 
nanostructure of upconversion and Au suitable for biological applications. 
More importantly, Au nanoparticles endure numerous additional features to 
upconversion nanoparticles such as strong surface plasmon resonance,[8] 
localized photothermal therapy,[9] and photothermal controlled drug release.[10] 
The photothermal effect renders these nanoconjugates as promising 
theranostic agents.  
Herein, we have devised an ideal platform for deep-tissue imaging and 
light-controlled drug release using highly stable hairpin DNA-functionalized 
NaYF4@SiO2-Au nanoconjugates (Figure 2.1). The 
NaYF4:49%Yb,1%Tm@SiO2-Au nanostructures chosen here exhibit strong 
NIR emission centred at 800 nm under the excitation of a 980 nm laser owing 
to the selectively quenching of the NaYF4 nanoparticle emission in the UV 
and visible range by gold nanoparticles. Subsequently, single-stranded hairpin 
oligonucleotides (hpDNA) are employed to functionalize the surface of as-
prepared nanostructures to improve the biocompatibility and stability of the 
nanoparticles. Moreover, the hairpin DNA can also serve as the drug carrier 
for loading anticancer drugs, such as Doxorubicin (Dox). Under the irradiation 
of 980 nm laser, the remotely NIR-triggered drug release could be achieved by 
the Au nanoparticle-induced photothermal dehybridization of hairpin DNA. 
Our heterostructure possesses several advantages as follows: (1) the excitation 
and emissions both fall in the near-infrared (NIR) region to ensure maximal 
tissue penetration depth along with minimal attenuation and favorable 
biosafety of NIR in tissues, which could make this heterostructure suitable for 
bio-imaging; (2) good biocompatibility; (3) high stability in physiological 
environment owing to DNA modification. Therefore, upon illumination with a 
980 nm continuous-wave laser, these highly stable Dox-loaded hpDNA-
functionalized NaYF4@SiO2-Au nanoconjugates with strong NIR-to-NIR 
emission have promising potential for simultaneous deep-tissue imaging and 















Figure 2.1 The schematic illustration for light-triggered drug release from 
Dox-loaded hpDNA-modified NaYF4@SiO2-Au nanoconjugates with 800 nm 
















Yttrium(III) acetate hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), 
thulium acetate hydrate (99.9%), sodium hydroxide (NaOH, >98%), 
ammonium fluoride (NH4F, >98%), 1-octadecene (90%), oleic acid (90%), 
phosphate buffered saline (PBS) tetraethylorthosilicate (TEOS, >99%), 3-
aminopropyltrimethoxysilane (APTES, >97%, sigma), were purchased from 
Sigma-Aldrich. All chemicals were used as received without further 
purification.  
2.2.2 Physical	Measurements	
Low-resolution transmission electron microscopy (TEM) measurements 
were carried out on an FEI EM208S Transmission Electron Microscope 
(Philips) operated at an acceleration voltage of 100 kV. The High-resolution 
TEM (HRTEM), energy-dispersive X-ray (EDX) spectroscopic analysis, and 
high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images were recorded using FEI Tecnai G2 F20 electron 
microscope operated at an acceleration voltage of 300 kV. Powder X-ray 
diffraction (XRD) data were recorded on a Bruker D8 Advance diffractometer 
using graphite-monochromatized CuKα radiation (λ= 1.5406 Å). 
Luminescence spectra were recorded at room temperature with a DM150i 
monochromator equipped with a R928 photon counting photomultiplier tube 
(PMT), in conjunction with a 980-nm diode laser. Upconversion luminescence 
microscopy was performed on an Olympus BX51 microscope with the xenon 
lamp adapted to a 980 nm diode laser. Living animal studies were conducted 
using ET-Mice Imaging in vivo imaging system from EINST Technology with 
the software of (MaxIm DL Pro 5). 
2.2.3 Synthesis	of	NaYF4:Yb/Tm	core	nanoparticles	
In a typical procedure, 2 mL aqueous solution of Ln(CH3CO2)3 (0.2 M, Ln 
= Y, Yb, and Tm) was added to a 50 mL flask containing 3 mL of oleic acid 
and 7 mL of 1-octadecene. The mixture was heated to 150 oC and for 1 h. 
After cooling down to 50 oC, 6 mL of methanol solution containing NH4F (1.6 
mmol) and NaOH (1 mmol) was added under stirring for 30 min. After the 





1.5 h and then cooled down to room temperature. The resulting nanoparticles 
were washed with ethanol several times, and re-dispersed in 4 mL of 
cyclohexane. 
2.2.4 Synthesis	of	NaYF4:Yb/Tm@NaYF4	core‐shell	nanoparticles	
In a typical procedure, 1 mL aqueous solution of Y(CH3CO2)3 (0.2 M) was 
added to a 50 mL flask containing 3 mL of oleic acid and 7 mL of 1-
octadecene. The resulting mixture was heated at 150 oC for 1 h. Then, as-
prepared NaYF4:Yb/Tm nanoparticles in cyclohexane were added. After 
removal of cyclohexane, 3 mL of methanol solution containing NH4F (0.8 
mmol) and NaOH (0.5 mmol) was added and the resulting mixture was stirred 
for 30 min. After the methanol was evaporated, the solution was heated to 290 
oC under argon for 1.5 h and then cooled down to room temperature. The 
resulting nanoparticles were washed with ethanol several times, and re-
dispersed in 4 mL of cyclohexane. Note that the core-shell nanoparticles are 
used in this study for in vivo imaging. 
2.2.5 Preparation	of	hydrophilic	ligand‐free	NaYF4	nanoparticles	
The as-prepared oleic acid-capped nanoparticles were dispersed in the 
mixture containing 1mL of ethanol and 1 mL of 0.2 M HCl solution. The 
resulting mixture was sonicated for 5 min to remove the surface ligands, 
followed by centrifugation at 16500 rpm for 20 min. The resulting products 
were washed with ethanol and H2O several times, and re-dispersed in H2O. 
2.2.6 Preparation	of	NaYF4@SiO2	core‐shell	nanoparticles	
As-prepared ligand-free NaYF4 nanoparticles were dispersed in 5 mL of 
H2O containing 200 mg PVP-k30 and then sonicated for 30 min. And the 
resulting solution mixed with 20 mL of ethanol. Then, 0.8 mL ammonia 
solutions were added and the container was sealed and sonicated for 20 min. 
0.2 mL of TEOS was added and the solution was stirred for 12 h at room 
temperature. The resulting products were washed by ethanol for 3 times. 
2.2.7 Preparation	of	NaYF4@SiO2‐Au	Nanoparticles	
The small gold (2-3 nm) solution was firstly prepared according to Duff’s 
method,[11] 12L of 80% tetrakis-hydroxymethyl-phosphonium chloride 





mixture was stirred vigorously for 5 min before 2.0 mL of 1% HAuCl4 was 
quickly introduced in one shot. An immediate color change to dark brown was 
observed. This solution was stored in a light proof container with stirring 
overnight. The gold solution was put into an ultrasonic apparatus. The as-
prepared NH2-functionalization of NaYF4@SiO2 solution was dropped into 
the above solution under ultrasonication. After 15 minutes, the mixture was 
stirred at room temperature for 6h. The resulting solution was washed to 
remove excess gold particles for several times. The obtained NaYF4@SiO2-Au 
products were then dispersed in H2O for further use. 
2.2.8 Preparation	of	NH2‐functionalized	NaYF4@SiO2	Nanoparticles	
Briefly, 0.3 mL of APTMS was added into 10 mL ethanol solution 
containing NaYF4@SiO2 nanoparticles. And then the resulting mixture was 
stirred at room temperature for overnight after refluxing for 1 h. The resulting 
amino-modified NaYF4@SiO2 particles were purified by ethanol four times. 
The purified NaYF4@SiO2 particles were dispersed in 1 mL of deionized 
water. 
2.2.9 Hairpin‐DNA	modification	of	NaYF4@SiO2‐Au	Nanoparticles	
 The 3’- or 5’-terminal disulfide groups of the oligonucleotide strands (5’ 
HS-HS TTTTTTTTTTCGATCGCGATCGCGATCGTTTTCGATCGCGATC 
GCGATCG-3’) were first cleaved by soaking them in a 0.1 M dithiothreitol 
(DTT)  phosphate buffer solution (0.1 M phosphate, pH 8.0) for 2 hours and 
subsequently purified on a NAP-5 column (GE Healthcare). The purified 
oligonucleotide was then added to 500L of NaYF4@SiO2-Au colloid 
solution. The resulting mixture was brought to 0.2 M NaCl, 10 mM Tirs-HCl, 
pH 7 buffer solution by gradually adding aliquots of 1 M NaCl and 0.1 M 
Tris-HCl, pH 7 buffer solutions every 4 hours. After 48 hours, the haipin-
DNA modified NaYF4@SiO2-Au nanoparticles solutions were centrifuged and 
redispersed in 0.2 M NaCl, 10 mM Tris-HCl buffer for further use. 
2.2.10 Synthesis	of	Drug‐Loaded	Nanoconjugates	
50 L of Dox solution (1 mg/mL) was added into as-prepared hairpin DNA-
modified NaYF4@SiO2-Au nanoparticles solutions, incubated overnight at 





resulting nanoconjugates were redispersed in 0.2 M NaCl, 10 mM Tris-HCl 
buffer solution. 
2.2.11 Drug	release	of	Drug‐Loaded	Nanoconjugates	
The as-prepared drug-loaded hpDNA-modified NaYF4@SiO2-Au 
nanoconjugates were irradiated by a 980 nm laser for 10 min, followed by 
centrifugation. The supernatant solution was stored for fluorescence 
measurement to evaluate the drug release efficiency. 
2.2.12 Cell	imaging	
HeLa cells were first seeded in culture dishes (35 mm) and cultured for 1 
day (5% CO2, 37 oC) in a Dulbecco’s Modified Eagle’s Medium (DMEM). 
Subsequently, the culture medium in was replaced by a fresh DMEM medium 
(1 mL) containing Dox-loaded DNA-modified NaYF4@SiO2-Au 
nanoconjugates (100L). The HeLa cells were then incubated with the 
nanoparticles for 3 h (5% CO2, 37 oC). Then the cells were washed twice with 
PBS (1 mL) and illuminated with a 980 nm laser for 15 min. After exposure, 
the fluorescence imaging was acquired with a confocal fluorescence 
microscope (Nikon, Eclipse TE2000-E) equipped with an excitation filter (535 
nm/50 nm) and emission filter (610 nm/75 nm). 
2.2.13 In	vivo	imaging	
60 L of as-prepared DNA-modified NaYF4@SiO2-Au nanoconjugates 
suspended in 0.2 M NaCl, 10 mM Tris-HCl buffer solution were 
subcutaneously transplanted into the M14 tumour of (Balb/c) nude mice. In 
vivo imaging system using a 980 nm optical fiber-coupled laser as the 
excitation source was employed to image the mice. The laser power density 
was about 299.9 mW/cm2 (current 4.2 A, power is 212 mW) during imaging 
with an exposure time of 30 s. A 790/40 nm band-pass emission filter was 
applied to prevent the interference of excitation light to the CCD camera. 
2.2.14 In	vivo	drug	release	studies	
The tumor-bearing mice were randomized into four groups (n ≥ 3, each 
group). For therapy group, we intratumorally injected 50 L buffer solution 
containing Dox-loaded DNA-modified NaYF4@SiO2-Au nanoconjugates into 





min (500 mW/cm2, 1 min interval after 1 min irradiation, group 3) and UV for 
30 min (group 2). As control experiments, group 1 was only injected with 50 
L solution of Dox-loaded DNA-modified NaYF4@SiO2-Au nanoconjugates 
without laser irradiation. Group 2 was irradiated with a 980 nm laser for 5 min 
(500 mW/cm2, 1 min interval after 1 min irradiation). Group 4 was untreated. 
HeLa tumor bearing  Balb/c nude mice (age of 4-6 weeks, weight 18 g) from 
the Biological Resource Centre (Biomedical Sciences Institute, A*STAR) 
were first anesthetized by intraperitoneal injection (i.p) of ketamine (150 
mg/kg)/xylazine (10 mg/kg) before being sacrificed. 
The tumor size was measured by a vernier caliper every 2 days. The tumour 
volume (V) was calculated as V=L×W2/2, where L and W were the length and 
width of the tumour, respectively. 
2.2.15 	Effects	of	nanoparticles	on	cell	viability		
Cytotoxicity was measured using CellTiter-Blue® Cell viability assay on 
HeLa, M14, and HEK293 cells according to the manufacturer's instructions. 
Cells were seeded into a 96-well plate at 4*103/well, and were cultured at 37 
oC and 5% CO2 for 24 h; 10 L of DNA-modified NaYF4@SiO2-Au 
nanoconjugates with different concentrations were then added to the wells. 
The cells were subsequently incubated for 24 h at 37 oC under 5% CO2. 
Thereafter, the CellTiter-Blue® Reagent (20 L) was added to each well and 
the plate was incubated for 1-4 h at 37 oC under 5% CO2. After that, the plate 
was shaken for 10 seconds and fluorescence was recorded on a microplate 
reader at 560/590nm (Ex/Em). 
2.2.16 Effects	of	NIR	excitation	on	cell	viability	
Cells were cultured into a 96-well plate and then incubated with 10L of 
Dox-loaded DNA-modified NaYF4@SiO2-Au nanoconjugates with different 
concentrations to allow the internalization of nanoparticles. After 6 h, the 
mixture was washed with PBS to remove the excess nanoparticles. Thereafter, 
a 980 nm NIR laser at a power density of 500 mW/cm2 was employed to 
irradiate cells for 15 min. The cells were cultured at 37 oC and 5% CO2 for 
another 24 h. Cytotoxicity was measured using CellTiter-Blue® Cell viability 






Tumor bearing Balb/c nude mice after treatment were sacrificed after 
euthanized with ketamine (150 mg/kg)/xylazine (10 mg/kg). The tumors and 
selected organs (liver, kidney and spleen) were isolated from the mouse and 
stored in tissue freezing medium (Triangle Biomedical Science Inc.) after 
removing the water on the surface. These tissues in OCT media were slowly 
cooled down in dry ice chamber to form a solid white. Later, these disposable 
Embedding modes (T-8; Truncated, 22 mm square top; Polyscience Inc.) were 
placed at -80 oC for overnight to freeze the tissue perfectly. Several 10 M 
thickness of tissues sectioned was collected in glass slide inside cryostat 
instrument (Carl Zeiss S.E. Asia) after bringing up the temperature at -20 oC 
from -80 oC. These, tissues were stored at -20 oC for the future study. H&E 
staining was performed in few glass slides having 4-6 tissues in each. Firstly, 
embedding matrix was washed by PBS buffer (3 x 2 min) and treated with 4% 
paraformaldehyde (PFA) for 15 min to fix the tissue and washed by PBS 
buffer (3 x 4 min) to remove excess PFA. Hematoxylin was incubated for 5 
min and gently washed by running tap water for at least 10 min to stain the 
nuclei. Then, eosin solution was gently added dropwise to cover the whole 
tissue for 3-5 min and washed by running water to remove the excess of 
unstained eosin. These glass slides were dehydrated by applying the gradient 
ethanol solution form 70% to 100 %. The final glass slides were mounted by 
using Canada balsam mounting solution and the images were taken in Zeiss 
microscope, NI-E microscope with color camera.  
2.2.18 Preparation	of	HeLa	Cell	Samples	for	TEM	
The DNA-modified NaYF4@SiO2-Au Nanoconjugates were dispersed in 
the cell culture medium (DMEM with 10% FBS, 1% antibiotic) at a 
concentration of 0.01 mg/mL-1. The mixture was incubated for 3 h and washed 
twice with PBS to remove the excess particles. The cells were detached with 
trypsin EDTA (0.05%) and fixed with modified Karnovsky’s Fixative (2% 
paraformaldehyde and 2.5% gluteraldehyde in PBS) before they were post-
fixed in OsO4 (1%) for 1.5 h, and dehydrated in alcohol and propylene oxide. 
The treated cells were then embedded in Spurr’s Resin, sectioned with an 









    In a typical experiment, the NaYF4@SiO2-Au hybrid nanostructures were 
prepared in four steps (Figure 2.2). In the first step, the NaYF4:Yb/Tm 
nanoparticles were first prepared at 290 oC by co-precipitation in oleic acid 
and octadecene mixture (Figure 2.3a). Secondly, ligand-free NaYF4 
nanoparticles were obtained by acid treatment of as-prepared oleic acid-
capped NaYF4 nanoparticles (Figure 2.3b and 2.4). Subsequently, 
NaYF4@SiO2 core-shell nanoparticles (Figure 2.3c) were prepared using 
stöber’s method followed by NH2-functionalization of silica surface. Finally, 
Au nanoparticles were immobilized onto the surface of silica through 
interaction between Au and –NH2 group. The TEM image in Figure 2.3d 
shows the typical structure of as-prepared NaYF4@SiO2-Au nanoparticles. It 
could be clearly observed from the scanning TEM (STEM) (Figure 2.3e) 
image that the small dots on the NaYF4@SiO2 core-shell surface, indicating 
Au nanoparticles were successfully attached on the surface. The HRTEM 
image of a single NaYF4@SiO2-Au nanoparticle shown in Figure 2.3f reveals 
lattice fringes of the (110) with a d spacing of 0.29 nm and lattice fringes of 
the (111) with a d spacing of 0.24 nm, which are attributed to hexagonal 
NaYF4 and face-centered cubic Au, respectively. Energy-dispersive X-ray 
(EDX) mapping analysis further evidenced the multicomposite nanostructure 
and revealed the even distribution of Y, Yb, and Au elements in one 
















































Figure 2.3 TEM images of as-synthesized hydrophobic NaYF4 (a), ligand-free 
NaYF4 (b), NaYF4@SiO2 (c) and NaYF4@SiO2-Au nanoparticles (d). (e, f) 
The corresponding STEM and high-resolution TEM images of d. (g) The 
corresponding EDX mapping image of a single core-shell nanoparticle, 










































For upconversion to proceed in NaYF4:Yb/Tm nanoparticles, Yb3+ ions are 
often used as sensitizer to harvest excitation light and then transfer the 
absorbed energy to activators (Tm3+) in NaYF4 nanoparticles. The 
upconversion emission centered at ~800 nm is generated by a two-step energy 
transfer from Yb3+ to Tm3+. Firstly, under the excitation of a 980 nm laser, the 
electrons in the ground state 3H6 of Tm3+ are excited to 3H5, followed by 
nonradiative relaxation from 3H5 to 3F4. Subsequently, the excited Tm3+ ions in 
3F4 are further excited to 3F2,3 states and then nonradiatively relax to the next-
lying 3H4 state. Consequently, the electrons come down to the ground state by 
a radiative transition process, which is accompanied by 800 nm emission. The 
energy transfer from another neighboring excited Yb3+ ion to the Tm3+ ion in 
the 3H4 state can promote the electrons to the 1G4 state of Tm3+. And then the 
red (~684 nm) and blue (~474 nm) emissions are produced by radiative 
transition from 1G4 state to 3F4 and 3H6 levels, respectively. Similarly, the 
~361 nm and ~451 nm emissions originate from the radiative transitions from 
1D2 to 3F4 and 3H6 levels, respectively. And the ultraviolet emissions of ~290 
nm and ~345 nm are attributed to the transitions of 1I6→3H6 and 1I6→ 3F4, 

































Figure 2.5 Proposed energy transfer mechanism in NaYF4:Yb/Tm 
nanoparticles under the excitation of a 980 nm laser. The dashed/dotted, 
dashed, and full arrows represent photon excitation, energy transfer, and 





















Figure 2.6 TEM images of NaYF4@SiO2-Au nanoparticles with Au/Y molar 
ratios: (a) 0, (b) 0.004, (c) 0.02, (d) 0.04, (e) 0.08, (f) 0.12, (g) 0.16, (h) 0.20, (i) 
0.24 and (j) 0.28. All scale bars are 100 nm. The inset showing the 




























Figure 2.7  Photoluminescence response of NaYF4@SiO2-Au nanoparticles 
with Au/Y molar ratios in an aqueous solution: (a) 0, (b) 0.004, (c) 0.02, (d) 
0.04, (e) 0.08, (f) 0.12, (g) 0.16, (h) 0.20, and (i) 0.24. (Inset) Plot of 
luminescence intensity at 345, 476, and 647 nm, respectively, against the 
Au/Y molar ratio. The spectra were recorded at room temperature under 













We examined the photoluminescence properties of the 
NaYF4:Yb/Tm@SiO2-Au core-shell nanoparticles as a function of Au 
amounts (Figure 2.6). As shown in Figure 2.7, the emission intensity in UV 
and visible range of NaYF4:Yb/Tm@SiO2-Au core-shell nanoparticles with 
increasing amounts of Au displayed a descending trend, while keeping NIR 
emission (800 nm) nm almost the same (Figure 2.8). Remarkably, when the 
molar ratio of Au to Y exceeds 0.24, only NIR (800 nm) emission could be 
clearly observed. We attributed this selective quenching of upconversion 
emissions in UV and visible region by 2 nm Au nanocrystals to destructive 
interference between the excited state wavefunction and the interband (d→sp) 
transition in Au nanocrystals. The interband transition (the interband band 
edge lies at 2.4 eV below the Fermi level) of Au nanocrystals, which lies 
above the SPR band, is strongly absorptive and is dominantly attributed to 
quenching of fluorophores in the far field. This destructive quenching 
behavior is caused by strong coupling between the fluorophore and Au 
nanocrystals, which requires that the emissions of the fluorophore largely 
overlap with the interband transition of Au nanocrystals.[7] The UV-vis 
absorption result reveals that there is a large overlap between the absorption of 
2 nm Au nanoparticles and upconversion emissions in UV and visible region 
(Figure 2.9). In contrary, the emission at 800 nm nearly is not absorbed by 2 
nm Au nanoparticles. Therefore, the upconverted emissions below 516 nm 






















Figure 2.8 Plot of non-normalized luminescence intensity at 802 nm of 
NaYF4@SiO2-Au nanoparticles with different Au/Y molar ratios: (a) 0, (b) 
0.004, (c) 0.02, (d) 0.04, (e) 0.08, (f) 0.12, (g) 0.16, (h) 0.20, and (i) 0.24. All 
spectra were recorded at room temperature under excitation of a 980nm CW 




























Figure 2.9 Absorption spectrum of 2 nm Au and upconversion emission 
























It is believed that the quenching behavior of upconversion emissions in UV 
and visible region could lead to an increase of localized temperature on the Au 
surface by converting the absorbed energy into heat. Moreover, the 
photothermal effect of Au nanocrystals would also facilitate the heat effect of 
NIR excitation energy on the surface of NaYF4@SiO2-Au nanostructure. As 
shown in Figure 2.10, it could be found that the temperature NaYF4@SiO2-Au 
suspension rises faster than that of solution containing only Au or 
NaYF4@SiO2 nanoparticles with the same concentration under the irradiation 
of a 980 nm laser with the same power. 
2.3.4 DNA	modification	of	as‐prepared	nanoparticles	
The aforementioned photothermal effect is attractive for subsequent drug 
release process. Prior to exploiting this photothermal effect and subsequent 
designed drug release into biological systems, the essential step is to improve 
stability of the nanostructures under physiological buffer conditions. In our 
experiment, the hairpin DNA is employed to functionalize the surface of as-
prepared nanoparticles. We found that the resulting DNA modification could 
significantly improve the stability of as-prepared nanostructure in the 
physiological environment. To demonstrate the stability of hpDNA 
NaYF4@SiO2-Au nanoconjugates, we disperse our hpDNA modified and 
unmodified NaYF4@SiO2-Au nanostructures into 0.2 M NaCl, 10 mM Tris-
HCl buffer solution, respectively. Remarkably, unmodified NaYF4@SiO2-Au 
particles in the buffer solution precipitated just after several minutes. On the 
contrary, the hpDNA-modified NaYF4@SiO2-Au particles could be stable 
even for 3 weeks, as shown in Figure 2.11a. In a further set of experiments, 
agarose gel electrophoresis was carried out to prove the successful DNA 
functionalization of NaYF4@SiO2-Au nanostructures. Under the electric field, 
DNA-modified NaYF4@SiO2-Au nanostructures move faster than unmodified 
NaYF4@SiO2-Au nanostructures, indicating successful DNA modification on 
the surface of NaYF4@SiO2-Au nanostructure due to more negatively charged 
particle surface after DNA modification (Figure 2.11c). More importantly, the 
hpDNA is one kind of commonly used thermosensitive drug carrier, in which 





double helix structure. Thus, we can explore the controlled drug release with a 
NIR laser by means of the photothermal effect. As shown in Figure 2.11b, the 
melting point of the as-formed hairpin DNA is around 55 oC. This result 
suggests that the drug molecules loaded in the double helix structure of hairpin 
DNA release out when the temperature of the particle surface is above 55 oC. 
In our design, the heating effect on the nanoconjugates caused by NIR 
irradiation could trigger the release of Dox molecules.  
It should be noted that the DNA strands on the nanoparticle surface remain 
their ability to specifically hybridize to complimentary DNA targets, which 
endows the nanoconjugates with target recognition abilities (Figure 2.12). To 
confirm that DNA strands on the NaYF4@SiO2-Au nanoparticle surface 
remain their functionalities, we test their ability to specifically hybridize to 
complimentary DNA targets by constructing sandwich structure with DNA-
modified Au nanoparticles (~14 nm), as shown in Figure 2.11a. In the 
presence of linker DNA, nanoparticles aggregates could be clearly observed. 
In contrast, we cannot observe the precipitates in the absence of linker DNA 
(Figure 2.12b). To further confirm the DNA hybridization, we measure the 
melting point of the hybridized sandwich structure. As shown in Figure 2.11c, 





















Figure 2.10 Photothermal effect study. Plot of the temperature of 
NaYF4@SiO2-Au, NaYF4@SiO2, Au, and buffer solution (0.2 M NaCl, 10 
mM Tris-HCl) under the irradiation of a 980 nm laser at 0.5 W/cm2 (a), 1 















Figure 2.11 (a) The photographs of NaYF4@SiO2-Au nanoparticles and 
hpDNA-modified NaYF4@SiO2-Au nanoconjugates in the buffer solution 
including 0.2 M NaCl, 10 mM Tris-HCl. (b) The melting curve of hairpin 
DNA on the NaYF4@SiO2-Au nanostructures. (c) Agarose gel electropherosis 
(1% w/v) of NaYF4@SiO2-Au (left) and hpDNA-modified NaYF4@SiO2-Au 




























Figure 2.12 (a) Schematic design showing the formation of three-component 
sandwich structure using DNA-modified gold and NaYF4@SiO2-Au 
nanoparticles. (b) The photograph showing colorimetric responses of the 
reaction mixture containing DNA-modified gold and NaYF4@SiO2-Au 
nanoparticles in the absence and presence of linker DNA, respectively. (c) The 










The amount of hairpin DNA on the NaYF4@SiO2-Au nanoparticle was 
determined by measuring the UV-vis absorption intensity of the removed 
DNA in supernatant from hairpin DNA-modified NaYF4@SiO2-Au 
nanoconjugates after several washing/centrifugation steps (Figure 2.13a).  
The total mole amount of DNA on the particle surface is calculated by:  
DNA total uppern n n   
where DNAn , totaln , and uppern are the total mole amount of hairpin DNA on 
the particle surface, total mole amount of DNA added into the solution, and 
the mole amount of DNA in the supernatant after washing/centrifugation steps. 
The mole amount of DNA in the supernanant ( uppern ) is determined by 
fitting the linear equation at various concentrations of free hairpin DNA 
(Figure 2.13b, c). Then we can calculate uppern =0.4125 nmol under our 
experimental conditions. 



























Figure 2.13 Determination of hairpin DNA amount on the particle surface. (a) 
The schematic illustration of several washing/centrifugation steps used for 
determination of hairpin DNA on the particle surface. (b) The work curve 
showing the linear relationship of absorption intensity of free hairpin DNA in 
the buffer solution (10 mM Tris-HCl, pH=7, 200 mM) as a function of 
concentration. (c) The absorption spectrum of excess hairpin DNA in the 











The amount of Dox molecules on the NaYF4@SiO2-Au nanoparticle was 
determined by measuring the fluorescence signal of the removed Dox in 
supernatant from Dox-loaded hairpin DNA-modified NaYF4@SiO2-Au 
nanoconjugates after several washing/centrifugation steps (Figure 2.14a). The 
calculation method is similar with determination of DNA. The total amount of 
Dox molecules on the particle surface is Doxm =0.00631mg. And the we can 
calculate the mole amount of Dox molecules on the surface is Doxn = 10.879 
nmol 
The amount of Dox molecules in each hairpin DNA is calculated by  
/Dox DNAN n n  

































Figure 2.14 Determination of Dox amount in each hairpin DNA. (a) The 
schematic illustration of several washing/centrifugation steps used for 
determination of Dox molecules in hairpin DNA. (b) The work curve showing 
the linear relationship of fluorescence intensity of free Dox in the buffer 
solution (10 mM Tris-HCl, pH=7, 200 mM) as a function of concentration. (c) 













Thereafter, we devised the DNA-modified NaYF4@SiO2-Au nanocarriers 
as a nanoplatform for light-triggered drug release based on photothermal effect 
under the excitation of a 980nm laser. In our design, the Dox molecules were 
firstly intercalated into the double helix structure of hpDNA on the surface of 
NaYF4@SiO2-Au nanostructures. Subsequently, under irradiation with NIR 
light (980 nm), the photothermal effect of Au nanocrystals gives rise to the 
increase of local temperature around the nanoconjugates and then drives an 
efficient thermal dehybridization of the hpDNA grafted on the Au surface, 
resulting in release of Dox molecules from the double helix structure of 
hairpin DNA. We tested the feasibility of DNA-modified NaYF4@SiO2-Au 
nanoconjuagtes for light-triggered drug release by comparing fluorescence 
signals of released Dox molecules under the 980 nm excitation. As shown in 
Figure 2.15a, it could be found that the fluorescence intensity of released Dox 
molecules in the supernatant solution significantly increased after NIR light 
irradiation, indicating that high efficient release in our system. The time-
dependent fluorescence of released Dox is shown in Figure 2.15b. The 
resulting Dox-loaded nanoconjugates buffer solution was exposed to 980 nm 
laser at 3W/cm2 for different periods of time. Under this condition, most of the 
Dox molecules were released within 10 min. By comparison, the fluorescence 
intensity of Dox was kept constant without irradiation of 980 nm laser, 
indicating that the leakage could be negligible at room temperature. Therefore, 
the release of Dox molecules from the nanoconjugates was attributed to 
photothermal conversion of nanoconjugates. 
2.3.8 Intracellular	drug	release	
To assess the potential of our developed intracellular imaging and drug 
delivery system, the cytotoxicity of DNA-functionalized NaYF4@SiO2-Au 
nanoconjugates was determined on HeLa cells using a CellTiter-Blue® Cell 
assay. After incubation for 24 h with varying concentrations from 100 to 
1000g/mL, DNA-functionalized NaYF4@SiO2-Au nanoconjugates showed 
an excellent biocompatibility (Figure 2.16). The cell viability was greater than 
90%, whatever the dose used, even at a high-dose concentration of 





NaYF4@SiO2-Au nanoconjugates are potentially suitable for biomedical 
applications. 
We evaluated the intracellular imaging and light-triggered drug release 
process using our Dox-loaded DNA-modified NaYF4@SiO2-Au 
nanoconjugates under the excitation of a 980 nm laser. In our experiment, the 
Dox-loaded nanoconjugates were firstly incubated with HeLa cells. From the 
TEM images in Figure 2.17, the nanoconjugates can be obviously seen in the 
cells, indicating the successful internalization of the nanoconjugates by HeLa 
cells. Subsequently, the cells were examined by a confocal microscope after 
exposure under exposure of a 980 nm laser for 10 minutes. As shown in 
Figure 2.18, without the irradiation of 980 nm laser, a weak fluorescence of 
Dox can be only detected, which is attributed to fluorescence quenching of 
Dox molecules on the surface of Au nanocrystals. In stark contrast, after the 
irradiation of a 980 nm laser, the enhanced Dox fluorescence could be clearly 
observed, indicating that the Dox molecules released out from the surface the 
nanoconjugates. Quantitative analysis of the fluorescence intensity of the cells 
revealed that mean fluorescence intensity of the cells with laser irradiation was 
2.3-fold higher than that of the cells without laser irradiation (Figure 2.19). 
The z-stacks of cell images reveal that the released Dox molecules were 



























Figure 2.15 (a) Fluorescence spectrum of the solution containing DOX-loaded 
DNA-modified NaYF4@SiO2-Au nanoconjugates before and after the 
irradiation of a 980 nm laser. (b) Time-dependent fluorescence spectra of 
released Dox molecules in the solution before and after the irradiation of a 980 


























Figure 2.16 The viability of M14, HEK 293, and HeLa cells estimated by 
CellTiter-Blue® Cell assay after incubated with 100-1000 g/mL DNA-
















Figure 2.17 (a) TEM image of HeLa cells incubated with 500 g/mL DNA-
modified NaYF4@SiO2-Au nanoconjugates for 4 h at 37 oC. (b, c) An enlarged 
view of the selected area in a, indicated by a blue box (b) and a red box (c). 
The insets in b and c showing the NaYF4@SiO2-Au nanoparticles inside the 
cell. (d) The energy dispersive spectrum (EDS) of NaYF4@SiO2-Au 












Figure 2.18 Intracellular uptake, imaging, and in vitro drug delivery of as-
prepared Dox-loaded hairpin DNA-modified NaYF4@SiO2-Au 
nanoconjugates. Bright-field optical image (left panel) and fluorescence image 
(middle panel) of HeLa cells incubated with 500 g/mL Dox-loaded hpDNA-
modified NaYF4@SiO2-Au nanoconjugates for 2h before and after the 
irradiation of a 980 nm laser with the exposure time of 10 min. The 
fluorescence intensity profile (Right panel) shows the corresponding 























Figure 2.19 Quantitative analysis of the fluorescence intensity of the cells 
irradiated without and with laser (number of cells measured > 23). Mean 
fluorescence intensity of the cells with laser irradiation showed 2.3-fold higher 
than that of the cells without laser irradiation (P < 0.001). Statistical 
significance difference was calculated by determining P values by using the t-
test. Fluorescence intensity of the cells without laser (mean ± SD): 26.2 ± 6.4 
and with laser: 61.4 ± 18.5. For quantification of fluorescence signal, ROI 
(region of interest) was assigned to every single cell and recorded the mean 
intensity of the corresponding region. All the images were analyzed using 






















Figure 2.20 The z-stacks scanning of cell images taken by a confocal laser 
scanning microscope (Nikon, Eclipse TE2000-E) equipped with an excitation 















To further examine the therapeutic outcome caused by the released Dox 
molecules after the irradiation of a 980 nm laser, cell viability assay is carried 
out. As shown in Figure 2.21, without the irradiation of a 980 nm laser, the 
viability of HeLa cells incubated with Dox-loaded nanoconjugates did not 
cause an obvious decrease. Furthermore, only exposure of a 980 nm laser at a 
relatively low power density (500 mW/cm2) also showed no remarkable 
cytotoxicity could be observed. In stark contrast, cell viability dramatically 
decreased upon increasing the concentration of Dox-loaded nanoconjugates 
after the exposure of a 980 nm laser, suggesting that the released Dox 

































Figure 2.21 Cell viability estimated by CellTiter-Blue® Cell assay after 
incubated with 100-1000 g/mL Dox-loaded DNA-modified NaYF4@SiO2-



















The as-prepared nanoconjugates with strong NIR-to-NIR upconversion 
luminescence are considered as an ideal candidate for bioimaging and labeling. 
Both excitation and emissions fall inside the optical windows, thus allows for 
low autofluorescence background. More importantly, the NIR emission offers 
deeper penetration than shorter wavelength emissions. As a proof of concept 
experiment, we put as-prepared agarose gels containing nanoconjugates under 
the pork tissue with different thicknesses and imaged them by a home-made in 
vivo imaging system. As shown in Figure 2.22a, the penetration depths of the 
green emission around 540 nm and the red emission around 660 nm are 2 mm 
and 5 mm, respectively. By comparison, the NIR emission at 800 nm could be 
visualized even at 8 mm, indicating that emission at 800 nm makes as-
prepared NaYF4@SiO2-Au nanoconjugates suitable for deep-tissue imaging in 
practical biological systems. 
In an attempt to highlight the importance of NIR imaging using the DNA-
modified NaYF4@SiO2-Au nanoconjugates, we evaluated the efficacy of our 
nanoconjugates as in vivo imaging probes in tumor-bearing mouse. In our 
experiment, the buffer solution of as-prepared DNA-modified nanoconjugates 
was intratumorally injected into the HeLa tumour in the left thigh of a (Balb/c) 
nude mice mouse with two tumors at both thighs. As shown in Figure 2.22b, 
the strong upconversion luminescence can be detected in the left thigh of a 
mouse under a 980 nm laser. In the stark contrast, there was no detectable 
luminescence signal in the right thigh of the mouse without injection of our 
nanoconjugates. Taken together, these results unambiguously reflect the 
feasiability of our DNA-functionalized upconversion nanoconjuagates as 


















Figure 2.22 (a) NIR (800 nm), red (660 nm), and green (540 nm) images of 
as-prepared NaYF4@SiO2-Au, NaYF4:Yb/Er (18/2 mol%)@NaYF4, and 
NaYF4:Yb/Er (18/2 mol%)@NaYF4 nanocrystals under pork muscle tissues 
with different depths, respectively. All images were taken under a 980 nm 
laser excitation. Note that the intensities of the two systems at 0 nm are almost 
the same. (b) Photograph of the tumor-bearing mouse and the upconversion 
image of the tumor-bearing mouse treated with the DNA-modified 










To shed more light on the therapeutics effect after photothermal drug 
release, we further evaluate the therapeutic efficacy after drug release in the 
tumor-bearing mice in vivo. In a typical experiment, we intratumorally 
injected Dox-loaded DNA-modified NaYF4@SiO2-Au nanoconjugates into 
the tumor site followed by 980 nm laser irradiation. Three control groups were 
also conducted as follows: (1) only injection of Dox-loaded nanoconjugates 
without laser irradiation; (2) only laser (500 mW/cm2, 5 min, 1 min interval 
after 1 min irradiation) irradiated the tumors in mice without injection of 
nanoparticles; and (3) no treatment were performed on the tumors of the mice. 
The tumor size was measured every 2 days after treatment. As a result, the 
tumour size after therapy gradually decreased, indicating the effective 
therapeutics outcome after drug release into tumour sites. In stark contrast, the 
three control experiments, the tumours gradually increase (Figure 2.23a, b). 
The histologic images of Hematoxylin and eosin (H&E)-stained tumor slices 
showed that a large area of dead cells without nuclei in the tumor tissue after 
photothermal drug release treatment could be clearly observed. That further 
confirms that the therapeutics effect originated from the drug released from 
our injected nanoconjuagtes. Meanwhile, no obvious pathological 
abnormalities in various organs such as liver, kidney, and spleen could be 























Figure 2.23 In vivo photothermal drug release. (a) The curve shows the 
volume change of HeLa tumours with the time after various treatments. The 
tumor volumes were normalized to their initial sizes. For therapy group, 6 
tumours injected with Dox-loaded DNA-modified NaYF4@SiO2-Au 
nanoconjugates were irradiated by a 980 nm laser at a power density of 500 
mW/cm2 for 5 min. Other three groups of mice were used as controls: no 
injection of nanoconjugates and no laser (Untreated); only laser without 
nanoconjugates injection (Only laser); and only injection of nanoconjugates 
without laser irradiation (Dox-loaded nanoconjugates). (b) The corresponding 
photographs of the tumor-bearing mice after treatments. (c) Hematoxylin and 
eosin (H&E)-stained slices of tumors and various organs at the 16th day after 








In summary, we developed an ideal platform for deep tissue imaging-guided 
photothermal drug delivery. In this present work, hairpin DNA-functionalized 
NaYF4@SiO2-Au nanoconjugates were fabricated. These nanoconjugates 
emitted strong upconversion luminescence centred at 800 nm under the 
irradiation of a 980 nm laser while the upconverted emissions in UV and 
visible region of NaYF4 nanoparticles were selectively quenched by Au 
nanodots on the surface. The excitation and emission wavelength are both 
located in the ‘biological windows’, which makes the nanoconjugates as 
promising imaging probes at a deep tissue depth for guiding therapy. 
Moreover, the quenching of emission also leads to a large increase of local 
temperature on the particle surface for further photothermal applications.  
In addition, the hairpin DNA on the surface largely improved the stability of 
our nanoparticles in biological conditions. This essential improvement lays a 
solid foundation for further applications of photothermal drug delivery. 
Significantly, this hairpin DNA endowed as-prepared nanoconjugates surface 
with multiple functionalities. It can serve as an effective carrier for many drug 
molecules via various drug-DNA interactions. Furthermore, owing to the 
thermal response characteristics of hairpin DNA, the drug release process was 
effectively controlled by photothermal effects on the particle surface under a 
980 nm laser. Both in vitro and in vivo results suggested that our 
nanoconjugates possessed an excellent biocompatibility and therapeutic 
outcome. As a separate note, our nanoparticles can work as a facile platform 
for multipurpose due to the easy functionalization of both silica and Au. 
All in all, these Dox-loaded hpDNA-functionalized NaYF4@SiO2-Au 
nanoconjugates featuring optical properties, the high stability and excellent 
therapeutic effects would be uniquely effective bioprobes for diagnosis and 
therapy in future biomedicine applications. Our design offers a new direction 
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Cation exchange in semiconducting nanostructures is widely investigated in 
potential applications ranging from nanofabrication[1] to sensing.[2] It provides 
a simple and versatile route for producing a variety of nanostructures with 
controllable size, shape, phase and compositions, as well as enables optical 
and magnetic tuning in semiconducting materials.[3] Cation exchange of 
transition metals is widely investigated in semiconducting quantum dots[4] and 
metal oxides.[5] Cation exchange in nanomaterials was firstly reported on CdS 
semiconductor nanoparticles exchanging with Hg+ to make CdS-HgS-CdS 
core−shell−shell nanoparticles with a layered structure at room temperature.[6] 
Later, since the discovery of the complete and reverse cation exchange in 
CdSe semiconductor nanoparticles with Ag+ ions  at room temperature by 
alivisatos in 2004,[7] the cation exchange process in nanomaterials, especially 
in semiconducting quantum dots, has become a hot topic in nanoscale 
fabrication. Afterwards, the cation exchange reactions were extended to 
fabricate a variety of nanocrystals with controlled shapes and compositions, 
starting from nanocrystals of a material (or combination of materials) via a 
single cation exchange reaction or via a sequence of cation exchange 
reactions.[3b, 8] Recently, the cation exchange process in oxides was exploited 
for tuning of magnetic properties.[5b] 
The investigation of cation exchange process between rare earth ions, 
especially in the fluoride upconversion nanoparticles, is still in its infancy. 
Lanthanide-doped upconversion nanoparticles have been widely investigated 
as a luminescent probe in a broad range of potential applications due to their 
unique optical properties, including narrow emission band width, large anti-
Stokes shift, long luminescence lifetime and high photostability.[9] Recently, 
cation exchange of rare earth ions in the fluoride nanocrystals was firstly 
reported in 2009 by Van veggel et al.[10] Later, they successfully coated 
ultrathin NaGdF4 layer on the NaYF4 core nanocrystals through simple cation 
exchange process, showing improved the magnetic resonance imaging 
performance.[11] Despite advances in the fluoride nanocrystals, the 
characterization of the cation exchange is very difficult and strongly depends 
on the expensive instruments (STEM, XPS etc.).[12] These characterization 





ions. The exchange ions with low doping concentrations is very difficult to 
been directly observed.      
Alternatively, with the development of these techniques, the ability to 
manipulate multicolor output is becoming more and more important for its 
promising applications from multiplexed biological labelling[13] to anti-
counterfeiting.[14] Till now, various approaches have been developed for 
multicolor tuning of lanthanide-doped upconversion nanoparticles.[15] The 
cation exchange process for color tuning in lanthanide-doped upconversion 
luminescent nanoparticles has not been realized yet. 
Herein, we present a cation exchange route to realize multicolor energy 
migration-mediated upconversion emission in aqueous solution. Interestingly, 
fine tuning of energy migration-mediated upconversion could be achieved 
through precise control of the concentration of doping ions (Figure 3.1). In our 
design, a small amount of activator ions (Tb3+ or Eu3+) are injected into the 
aqueous solution containing ligand-free NaGdF4:Yb/Tm@NaGdF4 core-shell 
nanocrystals, and subsequently color change could be realized instantly. 
Notably, by fine controlling the amounts of added activator, a variety of colors 
could be observed. Significantly, this result provides a direct evidence for 
cation exchange of rare earth ions in the fluoride nanocrystals. 
3.2 Materials	and	methods	
3.2.1 Reagents		
Gadolinium(III) acetate hydrate (99.9%), ytterbium(III) acetate hydrate 
(99.9%), thulium acetate hydrate (99.9%), terbium(III) chloride hexahydrate 
(99.9%), europium(III) chloride hexahydrate (99.9%), sodium hydroxide 
(NaOH; >98%), ammonium fluoride (NH4F; >98%), 1-octadecene (90%), 
oleic acid (90%), were all purchased from Sigma-Aldrich. 
3.2.2 Physical	Measurements		
UV-vis spectra were measured on a SHIMADZU UV-3600 
spectrophotometer. Fourier transform infrared (FTIR) spectroscopy spectra 
were recorded on a Varian 3100 FT-IR spectrometer. Low-resolution 
transmission electron microscopy (TEM) images were taken on a JEOL-1400 





of 100 kV. The Scanning electron microscopy (SEM) was carried out on a FEI 
NOVA NanoSEM 230 scanning electron microscope operated at 5 kV. 
Powder X-ray diffraction (XRD) data was obtained on a Siemens D5005 X-
ray diffractometer with Cu Kα radiation (λ = 1.5406 Å). The upconversion 
luminescence spectra were recorded in an Edinburgh FSP920 equipped with a 
photomultiplier (PMT), in conjunction with 980 nm diode laser. The lifetime 
measurement was conducted using a phosphorescence lifetime spectrometer 
(FSP920, Edinburgh) equipped with a microsecond flash lamp as the 
excitation source. Upconversion luminescence microscopic images were 
obtained on an Olympus BX51 microscope with a Nikon DS-Ri1 imaging 
system adapted to a 980 nm diode laser. Digital photographs were taken with a 
Nikon D700 camera. 
 
3.2.3 Synthesis	of	NaGdF4:Yb/Tm	core	nanoparticles	
In a typical experiment, an aqueous solution (2 mL) containing 0.4 mmol of 
Gd(CH3CO2)3, Yb(CH3CO2)3 and Tm(CH3CO2)3 was added to a 50-mL flask 
containing oleic acid (4 mL). The resulting mixture was heated at 150 oC for 
30 min and then 1-octadecene (6 mL) was added. After another 30 min, the 
mixture was cooled down to 50 oC. Subsequently, a methanol solution 
containing NH4F (1.36 mmol) and NaOH (1 mmol) was added and stirred for 
2 h. After removal of methanol, the solution was heated to 290 oC for 1.5 h 
under an argon flow. The mixture was cooled down to room temperature. The 




In a typical experiment, an aqueous solution (2 mL) containing 0.4 mmol of 
Gd(CH3CO2)3 was added to a 50-mL flask containing oleic acid (4 mL). The 
mixture was then heated at 150 oC for 30 min under stirring, followed by 
addition of 1-octadecene (6 mL). After another 30 min, the mixture was 
cooled down to 50 oC. The as-synthesized NaGdF4:Yb/Tm core nanoparticles 
in 4 mL of cyclohexane were added along with a methanol solution of NH4F 





increased to 100 oC to remove the low boiling point solvents. Then the 
solution was heated at 290 oC under an argon flow for 1.5 h and then cooled to 
room temperature. The resulting nanoparticles were washed with ethanol and 
redispersed in cyclohexane. 
3.2.5 Synthesis	of	ligand‐free	nanoparticles	
The as-prepared oleic acid-capped nanoparticles were dispersed in the 
mixture containing 1mL of ethanol and 1 mL of 0.2 M HCl solution. The 
mixture was sonicated for 5 min, and collected by centrifugation. 
Subsequently, the resulting products were washed with ethanol and H2O 
several times, and re-dispersed in H2O. 
3.2.6 Cation	exchange	process	
In a typical experiment, an aqueous solution of as-prepared ligand-free 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticles was mixed with a water 
solution of 0.2 M LnCl3 (Ln=Tb3+, Eu3+). The resulting solution was shaken 
thoroughly at room temperature. Subsequently, the products were collected by 
centrifugation, followed by washing with H2O several times, and finally re-
dispersed in H2O. 
3.2.7 Preparation	of	nanoparticle‐tagged	polystyrene	microsphere	
In a typical experiment,[9f] 100 L of water solution containing ligand-free 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticles was added into 200 L of 
polystyrene microsphere butanol solution at room temperature. After 30 min, 
centrifugation (6000 rpm, 5 min) was carried out to collect nanoparticle-
tagged polystyrene microspheres. The products were washed by ethanol and 


















Figure 3.1 Tuning energy migration-mediated upconversion through cation 
exchange. (a) Schematic illustration of cation exchange process between a 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticle and Ln3+ (Ln=Tb or Eu) 
ions in aqueous solution. (b) The energy transfer mechanisms of energy 
migration-mediated upconversion process in a Gd-based core–shell 
nanoparticle under a 980 nm diode laser. Yb3+ ions doped in the core serve as 
sensitizers to absorb the excitation energy and subsequently transfer it to Tm3+ 
ions. Subsequently, the energy from the high-lying excited state of the Tm3+ 
ions promotes Gd3+ ions to excited states, followed by the migration of 
excitation energy in Gd sublattice through the core–shell interface. Finally, the 
migrating energy is trapped by the activator ions, resulting in upconversion 
emission. (c) The photos of an aqueous solution containing 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticle before (left) and after cation 









As a proof of concept experiment, hexagonal phase 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanocrystals were chosen as the starting 
material due to its documented high efficient energy migration-mediated 
upconversion process. By the benefit of using the Gd sublattice for fast energy 
migration, the excitation energy could be transferred to the surface of 
nanoparticles. Subsequently, the activators could trap the excitation energy 
after exchange into the surface layer of core-shell nanoparticles, resulting to a 
obvious color change. In a typical energy migration-mediated upconversion 
process, Yb3+ serve as a sensitizer to harvest the incident light (980 nm laser) 
and then populates the high lying energy level (1I6) of Tm3+ by successive 
energy transfer. The accumulating high energy photons in Tm3+ ions could 
further results in the population of the excited energy states (6P7/2) of Gd3+ ions, 
followed by a fast migration in Gd sublattice from core to shell layer. The 
excited energy is finally trapped by the activators in the shell layer (Figure 
3.1). 
In a typical experiment, Yb/Tm-codoped NaGdF4 nanoparticles were first 
synthesized by co-precipitation method at 290 oC for 2h. Subsequently, a 
NaGdF4 shell was epitaxially grown on the surface of NaGdF4:Yb/Tm seeds 
according to a previously reported method. Transmission electron microscopy 
(TEM) results shown in Figure 3.2 reveal that as-synthesized nanoparticles 
had a spherical morphology with a narrow size distribution.  The X-ray powder 
diffraction pattern of the as-synthesized sample can be well indexed to a 
hexagonal phase (Figure 3.4). To further confirm it, high resolution scanning 
transmission electron microscopy (STEM) on a single nanoparticle was 
carried out. The atomic resolution STEM images reveal that the lanthanide 
ions in a core-shell nanoparticle were well ordered with an arrangement of 
hexagon structure without any noticeable defect, indicating a high quality 
single crystalline structure of our nanoparticles (Figure 3.3).   
In our design, Gd-based host lattice is of significant importance for color 





lowest excited energy level (6P7/2) and ground level of Gd3+ ions renders 
NaGdF4 host with minimal energy loss associated with the multiphonon cross 
relaxation for high upconversion conversion efficiency. Another important 
feature of NaGdF4 host materials is that fast energy migration in the Gd 
sublattice. The excited level (6P7/2) of Gd3+ is located in the ultraviolet spectral 
region and overlaps with energy levels of many lanthanide ions. Therefore, 
Gd3+ ions can serve as a bridge to effectively transfer the excitation energy 
from the sensitizer to activators.  
Figure 3.6 shows the typical upconversion emission of as-prepared oleic 
acid-capped NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticles in 
cyclohexane solution. It could be clearly seen that a sharp emission at 311 nm 
are generated, which is attributed to the radiative decay from 6P7/2 state to the 
ground state of Gd3+ ions. As we know, oleic acid has a strong absorption in 
the UV region, thus resulting in a strong quenching of the migration energy in 
Gd sublattice. To overcome this problem, oleic acid molecules on the surface 
of nanoparticles were removed by an acid treatment approach according to the 
previous report.[9f, 16] The complete removal of OA ligand was further 
confirmed by FTIR spectrum (Figure 3.5). As shown in Figure 3.6, the Gd3+ 
emission at 311 nm was much stronger than that of OA capped nanoparticles. 
As an added benefit, ligand-free NaGdF4:Yb/Tm@NaGdF4 nanoparticles 
without encapsulation of OA ligand could be well dispersed in the aqueous 




























Figure 3.2 TEM images of as-prepared NaGdF4:Yb/Tm(49/1%) core (a) and 


























Figure 3.3 (a) High-resolution STEM image taken at [001] incidence of as-
prepared ligand-free NaGdF4:Yb/Tm(49/1%)@NaGdF4 core-shell 
nanoparticles, revealing the single-crystalline nature of the crystal. (b, c) An 































Figure 3.4 XRD pattern of as-prepared NaGdF4:Yb/Tm(49/1%)@NaGdF4 

























Figure 3.5 FTIR spectrum of as-prepared oleic acid-capped and ligand-free 























Figure 3.6 Room temperature photoluminescence of as-prepared oleic acid-
capped and ligand-free NaGdF4:Yb/Tm(49/1%)@NaGdF4 core-shell 













We began with an aqueous solution of NaGdF4:Yb/Tm@NaGdF4 core-shell 
nanoparticles. Subsequently, a solution including activators (X=Tb3+, and 
Eu3+) was mixed at room temperature to initiate cation exchange process. The 
size and morphology before and after cation exchange process was confirmed 
by TEM images. The ligand-free NaGdF4:Yb/Tm@NaGdF4 core-shell 
nanoparticles were spherical with a size of about 17.14 nm (Figure 3.7a, b). 
After cation exchange, no obvious change of size, morphology (Figure 3.7c-f) 
and phase (Figure 3.8) could be observed. To further validate this cation 
exchange process, electron energy loss spectroscopy (EELS) analysis on a 
single nanoparticle was carried out. The elemental distributions of the 
nanoparticles illustrated that the activators ions (Tb3+, Eu3+) is located at the 
edge of nanoparticles, suggesting substitution of Gd3+ by the activator ions in 
the outermost shell layer. The line scan analysis further evidenced occurrence 

























Figure 3.7 Low-resolution TEM images and the corresponding size 
histograms of NaGdF4:Yb/Tm(49/1%)@NaGdF4 nanocrystals before (a, b) 












Figure 3.8 X-ray powder diffraction patterns of NaGdF4:Yb/Tm 
(49/1%)@NaGdF4 nanocrystals before (a) and after exchanging with Tb3+ (b) 

























Figure 3.9 (a) STEM image of as-prepared ligand-free 
NaGdF4:Yb/Tm(49/1%)@NaGdF4 core-shell nanoparticles after exchanging 
with Tb3+ ions. The corresponding EDX analysis (b) and EELS line scan (c) 
conducted with STEM imaging on a nanoparticle show a higher Gd 
concentration in the central region and a higher Tb content in the edge region 
of the crystal, indicating partial substitution of Gd3+ ions by Tb3+ ions after a 










Figure 3.10 (a) STEM image of as-prepared ligand-free 
NaGdF4:Yb/Tm(49/1%)@NaGdF4 core-shell nanoparticles after exchanging 
with Eu3+ ions. The corresponding EDX analysis (b) and EELS line scan (c) 
conducted with STEM imaging on a nanoparticle show a higher Gd 
concentration in the central region and a higher Eu content in the edge region 
of the crystal, indicating partial substitution of Gd3+ ions by Eu3+ ions after a 







To figure out the importance role of energy migration in Gd sublattice, we 
prepared ligand-free NaYF4:Yb/Tm(30/0.5%)@NaYF4 core-shell 
nanoparticles with strong UV emissions at 290, 350, and 375 nm. After 
mixing Tb3+ ions with as-synthesized NaYF4:Yb/Tm@NaYF4 nanoparticles, 
no any emission of Tb3+ ions could be detected (Figure 3.11). We attributed it 
that the far distance between Tm3+ in the core layer and Tb3+ ions on the 
outmost layer of the shell without the assistance of the energy migration in Gd 
sublattice. It further evidences that the energy migration plays a vital role in 



































Figure 3.11 The upconversion luminescence spectra of ligand-free 
NaYF4:Yb/Tm(30/0.5%)@NaYF4 core-shell nanoparticles before and after 

















To demonstrate fine tuning of upconversion emissions, we deliberatively 
varied the amounts of activators to exchange with Gd3+ ion in 
NaGdF4:Yb/Tm@NaGdF4 core-shell nanoparticles. As shown in Figure 3.12, 
with increasing the amounts of Tb3+ ions, the emission intensity at 488, 543, 
585, and 620 nm first greatly improved and then almost keep constant at 
relative high molar ratio (nTb : nGd= 30%), indicating that a large amount of 
Tb3+ ions was exchanged with Gd3+ ions in NaGdF4:Yb/Tm@NaGdF4. On the 
other hand, the emission intensity of Gd3+ ion centered at 311 nm was 
decreased with an increase of exchanged Tb3+ amount (Figure 3.12c). To 
further verify the energy transfer between Gd3+ and Tb3+, luminescence decay 
studies were carried out. As shown in Figure 3.12d, the lifetime of 6P7/2 energy 
state in Gd3+ sharply decreased with the elevated concentration of Tb3+ ions.  
The generality of the cation exchange approach can be further illustrated for 
fine tuning of upconversion luminescence in NaGF4:Yb/Tm@NaGdF4 core-
shell nanoparticles using other lanthanide ions (e.g. Eu3+). As shown in Figure 
3.13, the emission intensity of Eu3+ after cation exchange could be optimized 
in red spectral region by adjusting the concentration of Eu3+ ions. In additions, 
by deliberately controlling the concentrations of activators, multicolor 





















Figure 3.12 The effect of Tb3+ concentration on optical properties of the 
NaGdF4@NaGdF4 core-shell nanoparticles. (a) Upconversion emission spectra 
of NaGdF4:Yb/Tm@NaGdF4 core−shell nanoparticles as a function of Tb3+ 
concentration under excitation of a 980-nm CW diode laser. (b) The intensity 
change of Tb3+ emissions at different wavelengths as a function of 
concentration. (c) The intensity change of Gd3+ emissions at 311 nm as a 
function of Tb3+ concentration, showing a decrease trend. (d) Upconversion 















Figure 3.13 The effect of Eu3+ concentration on optical properties of the 
NaGdF4@NaGdF4 core-shell nanoparticles. (a) Upconversion emission spectra 
of NaGdF4:Yb/Tm@NaGdF4 core−shell nanoparticles as a function of Eu3+ 
concentration under excitation of a 980-nm CW diode laser. (b) The intensity 
change of Eu3+ emissions at different wavelengths as a function of 
concentration. (c) The intensity change of Gd3+ emissions at 311 nm as a 
function of Eu3+ concentration, showing a decrease trend. (d) Upconversion 

















Figure 3.14 The luminescence photographs of aqueous solutions containing 
representative samples showing the upconversion multicolor tuning by varying 






















The ability of multicolor tuning makes our nanoparticle promising as 
multicolour particle labels for multiplexed imaging applications under single-
wavelength excitation. As a proof of concept experiment, we assemble our 
core-shell nanoparticles on the polystyrene beads, which are visible under a 
luminescence microscope. As shown in Figure 3.15, the nanoparticles were 
uniformly distributed on the surface of polystyrene beads. Under the excitation 
of a 980 nm laser, blue color could be observed for 
NaGdF4:Yb/Tm@NaGdF4-tagged polystyrene beads. After exchanging with 
Tb3+, the color of the nanoparticles-tagged beads is changed from blue to 
green. Similarly, red color is achieved after introducing Eu3+ ions. 
Significantly, no autofluorescence background was detected using lanthanide-
doped upconversion nanoparticles, suggesting that our nanoparticles are useful 


































Figure 3.15 The SEM images of polystyrene (a) and nanoparticles-tagged 
polystyrene microspheres (b). The scale bars are 1m. (c-e) Luminescence 
photographs of the nanoparticle-tagged polystyrene beads show cation 
exchange-induced color change under the excitation of a 980 nm laser. The 
blue, green, and red colors were generated from NaGdF4:Yb/Tm@NaGdF4 
core-shell nanoparticles before (c) and after exchange with Tb3+ (d) and Eu3+ 













In conclusion, this chapter has demonstrated a facile postsynthetic approach 
for tuning upconversion through a cation exchange process in aqueous 
solution. This cation exchange induced color tuning could be achieved at room 
temperature even after a short period without the need of protection under 
inert gas atmosphere, which is inaccessible by conventional synthetic 
approaches. By deliberately adjusting the component and concentration of 
activators, the energy migration-mediated upconversion could be finely tuned, 
resulting in multicolor upconversion outputs. This study opens up an exciting 
opportunity of achieving highly stable high-quality upconversion nanocrystals 
in aqueous solution with desirable optical properties, which might become a 
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The ability of lanthanide-doped upconversion nanoparticles to convert 
longer wavelength near infrared (NIR) excitation sources into shorter 
wavelength emissions has received considerable interests in their abroad 
applications ranging from bioimaging,[1] sensing,[2] multicomplexing[3] to anti-
counterfeiting[4] and photovoltaics.[5] The NIR excitation source significantly 
minimizes autofluorescence background of biological tissues and enables deep 
penetration depth in biological applications.[6] In recent years, these 
upconversion nanoparticles have emerged as promising alternative 
luminescent materials over traditional fluorophores such as organic dyes and 
quantum dots.[7] Driven by these applications, development of upconversion 
luminescence with tunable color outputs is becoming a growing demand. 
During the past years, considerable efforts have been devoted to tuning 
upconversion emission to yield a much wider range of color outputs using 
single wavelength excitation.[8] One commonly used strategy for tunable 
upconversion luminescence is to vary the relative ratios of different emission 
peaks by tuning the composition and concentration of dopants. Abundant 
colors from blue, green to red could be easily achieved by codoping different 
types of activators in a host.[9] It should be noted that this codoping approach 
often suffers from deleterious quenching effects owing to interaction between 
neighboring dopants, resulting in the decrease of emission intensity. To 
overcome this problem, spatial confinement of emitting ions in a core-shell 
structure effectively decreases the concentration quenching effects. By 
deliberately modulating the combination and concentrations of the dopants in 
the core-shell layer, the emission color with a relative high intensity could be 
optionally obtained.[10] Apart from dopant-dopant interaction, some host 
materials could exchange energy with dopant ions for color tuning. For 
instance, Mn-based host materials could exchange energy with Er3+ ions 
embedded in the host matrix. Our group achieved a single-band red emission 
in KMnF3:Er3+ nanoparticles by exchanging energy of Er3+ with Mn2+ ions in 
this host.[1c] Later, this similar phenomenon is also observed in Er-doped 
NaMnF3[11] and Na3MF7 (M=Zr, Hf)[12] nanoparticles. Another intriguing 
strategy for upconversion tuning is based on energy migration-mediated 





unprecedented and tunable upconversion emission for a broad range of 
activators.[6b, 7a] Despite advances, tunable upconversion luminescence with 
high emission intensity still remains challenging. 
Herein, we demonstrated a ligand-assisted energy transfer process to 
achieve tunable upconversion luminescence of lanthanide activators without 
long lived intermediary energy states in a core-shell nanoparticle. As a proof 
of concept experiment, we started with ligand-free NaYF4:Yb/Tm@NaYF4 
core-shell nanoparticles and subsequently coated a thin layer of activators by a 
cation exchange process, followed by binding of organic ligands on the 
particle surface. In this ligand-assisted energy transfer system, a sensitizer ion 
(Yb3+) is used to harvest pump photons and subsequently promote a 
neighbouring accumulator ion (Tm3+) to excited states by successive energy 
transfer process. Thereafter, the high energy photons originating from the 
high-lying energy levels of Tm3+ could be absorbed by the capped ligand on 
the surface, followed by a back energy transfer to neighboring activators by a 
nonradiative transition process, resulting in radiative emissions (Figure 4.1).  
For an efficient upconversion to proceed in the ligand-assisted energy 
transfer process, suitable ligands are needed to bridge the energy transfer from 
the sensitizer/accumulator pair in the core to the activator on the outmost shell. 
In our study, a well-designed ligand of 5-(9H-carbazol-9-yl)-2-
(diphenylphosphoryl)benzoic acid (CPPOA) capped on the particle surface is 
employed as a ‘bridge’, which harvests the light emitted from Tm3+ in the core 
and subsequently transfers the absorbed energy to the activators  (Tb3+) on the 
shell surface owing to well matched energy levels. 
A key feature of the ligand-assisted energy transfer design is that the 
excitation energy collected by the sensitizer can be amassed in the 
accumulator by successive energy transfer while enabling one-step energy 
transfer to the activator. This design exempts the use of special host materials 
at the expense of upconversion luminescence intensity and combines the 
benefit of the inherent high conversion efficiency of documented ETU (e.g. 
NaYF4:Yb/Tm). This ligand-assisted energy transfer strategy enables fine 
tuning of upconversion emission with a high efficiency by deliberately 





the ligands binding on the surface serve as a sensitizer for much improved 





Figure 4.1 Tuning upconversion emission through ligand-assisted energy 
transfer. (a) Schematic design of a NaYF4:Yb/Tm@NaYF4:X core–shell 
nanoparticle for ligand-assisted energy transfer process (X: activator ion). (b) 
Proposed energy transfer mechanisms in the core-shell nanoparticle. Note that 
only partial energy levels of Tm3+ and X3+ are shown for clarity. (c) 
Upconversion luminescence spectra of NaYF4:Yb/Tm@NaYF4 core–shell 
nanoparticle in aqueous solution before and after mixing with Tb3+ ions under 
the excitation of a 980 nm laser. The insets show the corresponding photos 













Gd(CH3CO2)3•xH2O, (99.9%), Y(CH3CO2)3•xH2O (99.9%), 
Yb(CH3CO2)3•4H2O (99.9%), Tm(CH3CO2)3•xH2O (99.9%), 
Tb(CH3CO2)3•xH2O (99.9%), NaOH (98+%), NH4F (98+%), 1-octadecene 
(90%), oleic acid (90%), were purchased from Sigma-Aldrich. All chemicals 
were used as received without further purification. 
4.2.2 Characterization	
Powder X-ray diffraction (XRD) data were measured on a Bruker D8 
Advance diffractometer with a graphite-monochro-matized CuKα radiation 
(1.5406 Å). Low-resolution transmission electron microscopy (TEM) was 
performed on a JEL-1400 transmission electron microscope (JEOL) operating 
at an acceleration voltage of 120 kV. High-resolution TEM images were taken 
using a JEOL-JEM 3010 transmission electron microscope operated at an 
acceleration voltage of 300 kV. The energy-dispersive X-ray (EDX) 
spectroscopic analysis was carried out with an Oxford INCA energy system 
operated at 200 kV. UV-vis transmission spectrum was recorded on a 
Shimadzu UV-2450 spectrophotometer. Fourier transform infrared (FTIR) 
spectroscopy spectra were obtained on a Varian 3100 FT-IR spectrometer.  
The upconversion luminescence spectra were recorded in an Edinburgh 
FSP920 equipped with a photomultiplier (PMT), in conjunction with 980 nm 
diode laser. 
4.2.3 Synthesis	of	NaYF4:	Yb3+/Tm3+	core	nanoparticles			
    In a typical procedure to the synthesis of NaYF4:Yb/Tm nanocrystals, 
NaYF4:Yb3+/Tm3+ core precursor was prepared by mixing 2 mL aqueous 
solution of Ln acetate (0.2 M, Ln = Y, Yb and Tm) with 3 mL of oleic acid 
(OA) in a 50 mL flask. The mixture was heated at 150oC in an oil bath and 
kept for 30 min. And then 7 mL of 1-octadecene (ODE) was added to the flask. 
The mixture was cooled to 50oC after 30 min. After that, 6 mL of methanol 
solution containing NH4F (1.6 mmol) and NaOH (1 mmol) was then added to 
the core precursor and stirred continuously for 30 min. After removal of low 
boiling point solvent, the temperature was increased to 290oC under argon 









NaYF4 shell precursor was prepared by mixing 2 mL H2O of 0.2 M YAc3 
with 3 mL of OA and 7 mL of ODE. The mixture was heated at 150oC in an 
oil bath for 1 h. After cooling down to 80 oC, NaYF4:Yb3+/Tm3+ core 
nanoparticles in 4 mL of cyclohexane were added to the mixture and kept at 
80oC for 30 min. Subsequently, the methanol solution containing NH4F (1.6 
mmol) and NaOH (1 mmol) were added under intense agitation for 30 min at 
50oC. After evaporating the low boiling point solvents, the mixture was finally 
heated at 290oC under argon atmosphere for 3 h. After cooling to room 
temperature, the product nanoparticles were precipitated, washed several times 
with ethanol, and re-dispersed in 4 mL of cyclohexane for further use. 
4.2.5 Preparation	of	ligand‐free	nanoparticles	
The as-prepared hydrophobic nanoparticles were firstly precipitated by 
ethanol and then dispersed in a mixture of ethanol and HCl solution (0.1 M) 
under a sonication. And then the nanocrystals were collected by centrifugation 
at 16500 rpm for 20 min. The resulting products were washed with ethanol 
and deionized water several times, and re-dispersed in deionized water. 
4.2.6 Preparation	of	NaYF4:Yb/Tm@NaYF4:	Tb	core‐shell	
nanoparticles	
As-prepared ligand-free nanoparticles (500 L) were mixed with different 
amount of TbCl3 aqueous solution at room temperature. After 24 h, the 
nanoparticles were collected by centrifugation at 18000 rpm for 30 min and 
further washed with ethanol several times. Finally, the product was re-
dispersed in 1 mL of ethanol. 
4.2.7 Ligand	attachment	on	the	particle	surface	
As-prepared core-shell nanoparticles solution (1 mL) was separated into 2 
equal portions. To particle solution, CPPOA ligand was added and 





nanoparticles. After that, excess ligand was removed by centrifugation. Finally, 
the products were re-dispersed in ethanol for optical measurement. 
4.2.8 Preparation	of	nanoparticles‐tagged	polystyrene	beads	
In a typical experiment, a aqueous solution containing ligand-free 
nanocrystals (50-100 μL, 2 wt%) was mixed with polystyrene bead dispersion 
(5 μL) and butanol (200 μL). After 30 min at room temperature, the final 
products were collected by centrifugation at 6000 rpm for 5 min, washed with 
H2O, and re-dispersed in deionized water. 
4.3 Results	and	discussion	
4.3.1 NaYF4:Yb/Tm@NaYF4	core‐shell	nanoparticles	
In our studies, hexagonal NaYF4 nanoparticles were employed as the host 
materials. In a typical synthetic procedure, NaYF4:Yb3+/Tm3+ nanoparticles 
were firstly prepared as the core through a co-precipitation process. Thereafter, 
an inert shell layer was coated onto the core materials via an epitaxial growth. 
As shown in Figure 4.2, the as-synthesized core nanoparticles exhibit a 
spherical morphology with an average diameter of 32.96 ± 2.41 nm and the 
shell thickness is about 3.4 nm. HRTEM images and XRD results reveal that 
as synthesized core-shell nanoparticles are single crystalline hexagonal phase 
(Figure 4.3).  
For an efficient upconversion to proceed, shell coating significantly 
improve the upconversion intensity compared to that of core nanoparticles by 
minimizing surface quenching effects (Figure 4.4). Importantly, the strong UV 
emissions could be generated to initialize the successive energy transfer 
processes. 
Despite the superior energy migration capabilities of Gd3+, an important 
advantage of NaYF4 host is that the upconversion emission intensity in NaYF4 
host is much higher than that of NaGdF4 host with the same doping 
compositions. To further verify it, we compared the upconversion emission of 
NaGdF4:Yb/Tm (30/0.5%)@NaGdF4 and NaYF4:Yb/Tm (30/0.5%)@NaYF4 
with the comparable size under the excitation of a 980 nm laser. As shown in 
Figure 4.5, it could be clearly observed that NaYF4:Yb/Tm@NaYF4 





the strong emissions of Tm3+ in UV spectral region were generated, which 






Figure 4.2 Low-resolution TEM images and the corresponding size 
histograms of NaYF4:Yb/Tm (30/0.5%) (a, b) and NaYF4:Yb/Tm@NaYF4 





















Figure 4.3 (a) HRTEM image of the NaYF4:Yb/Tm@NaYF4 nanoparticles. (c) 
The energy-dispersive X-ray spectrum (EDS) of as-synthesized nanoparticles. 















Figure 4.4 Upconversion luminescence spectra of NaYF4:Yb/Tm (30/0.5%) 

























Figure 4.5 Upconversion luminescence spectra of NaYF4:Yb/Tm 
(30/0.5%)@NaYF4 and NaGdF4:Yb/Tm(30/0.5%)@NaGdF4 nanocrystals with 















In order to avoid the quenching of excitation energy by oleate ligand 
molecules and make oleate-capped NaYF4:Yb/Tm@NaYF4 nanoparticles 
water-dispersible for subsequent cation exchange process, oleate ligands on 
particle surface were removed using an acid-treatment process adapted from 
our previous report.[7a, 13] After removal of surface ligand, the ligand-free 
NaYF4@NaYF4 core-shell nanoparticles were well dispersed in the aqueous 
solutions. To further confirm the removal of the surface ligands, we compared 
FTIR analysis of as-synthesized core-shell nanoparticles before and after acid 
treatment. The FTIR spectra in Figure 4.6 show that the oleate-related signal 
peaks disappeared after HCl treatment, suggesting the successful removal of 
oleate ligands from the particle surface.  
In our study, a cation exchange approach was exploited to coat a thin and 
uniform layer of activator layer (Tb3+) on the surface of 
NaYF4:Yb/Tm@NaYF4 upconversion nanoparticles by mixing LnCl3 with 
aqueous solution containing core-shell nanoparticles. After introducing the 
activators ions into the solution of as-prepared core-shell nanoparticles, the 
cation exchange reaction occurs. And partial Y3+ ions in the nanoparticles 
could be replaced by activator ions, resulting in a large amount of activators 
on the surface. 
4.3.3 Ligand	attachment	
In energy migration-mediated upconversion process in Gd-based host 
materials, the excitation energy accumulated by Yb3+/Tm3+ pair could 
populate the excited energy level (6P7/2) of Gd3+ and subsequently migrate in 
Gd sublattice from core to shell layers. Finally, the excitation energy is 
trapped by activators, resulting in tunable emissions in the visible spectral 
regions. The lowest excited energy state (6P7/2) of Gd3+ is relatively high so 
that it only can utilize the Tm3+ emission at 290 nm. Alternatively, the strong 
emissions centered at 350 nm are generated by Yb3+/Tm3+ under the 980 nm 
excitation, which cannot populate the Gd energy levels.  
Organic ligands are characterized by broadband absorption in the UV 
spectral region with a large cross section. To overcome above-mentioned 





selection: (1) the ligand should have a strong broadband absorption spectral 
region, which overlaps with Tm3+ emissions in UV spectral region; (2) 
excellent matching between the energy levels of ligands and emitting energy 
levels of activators for efficient energy transfer; (3) strong coordination of 
ligands on the surface and (4) Good photostability of ligands. 
In our study, CPPOA was chosen as a candidate for ligand-assisted energy 
transfer owing to their excellent photostability and strong absorption in UV 
spectral region (Figure 4.7). Furthermore, excellent overlapping between the 
absorption spectrum of CPPOA ligand and the emission spectrum of UCNP 
NaYF4:Yb3+/Tm3+@NaYF4 in the UV spectral region as shown in Figure 4.8b 
is essential for effective light harvesting. Significantly, it could be clearly seen 
in Figure 4.8c that the excited states of CPPOA ligand well match with the 
mainly emitting energy levels of activators, which plays a vital role in 
subsequent back energy transfer for efficient multicolor emissions. 
To confirm the strong bonding of ligand on the surface, we examined UV-
vis absorption spectra and the Fourier transform infrared spectroscopy (FTIR) 
analysis. It could be clearly observed from UV-vis spectra that the absorption 
of CPPOA-coated NaYF4@NaYF4 nanoparticles exhibited the characteristic 
peaks of CPPOA, suggesting the strong bonding of CPPOA ligands on the 
surface of nanoparticles (Figure 4.7). In addition, the successful binding was 
further validated by FTIR spectra of CPPOA, ligand-free 
NaYF4:Yb/Tm@NaYF4, and CPPOA-coated NaYF4:Yb/Tm@NaYF4 
nanoparticles. As shown in Figure 4.6, the CPPOA-related absorption bands 
could be clearly observed after CPPOA-coated NaYF4:Yb/Tm@NaYF4, 




















Figure 4.6 FTIR spectra of CPPOA, ligand-free NaYF4:Yb/Tm@NaYF4 






















Figure 4.7 UV-vis absorption spectra of CPPOA, ligand-free 
NaYF4:Yb/Tm@NaYF4 and CPPOA-capped NaYF4:Yb/Tm@NaYF4 
























Figure 4.8 (a) The structure of CPPOA ligand. (b) Absorption spectrum of 
CPPOA ligands overlaid over Emission spectrum of NaYF4:Yb/Tm@NaYF4 
upconversion nanoparticles under the excitation of a 980 nm laser. (c) Partial 
energy level diagram of CPPOA ligand and activators (Tb3+) commonly used 














To optimize concentrations of activators for efficient upconversion 
luminescence, we synthesized a series of NaYF4@NaYF4 core-shell 
nanoparticles with fixed doping concentration of Yb3+ and Tm3+ in the core.  
The quantities of Tb3+ ions are varied to exchange Y3+ ions in the particles, 
while the ligands capped on the surface are fixed. With the visible emission of 
Tm3+ as a reference, it could be found from Figure 4.9 that the Tb3+ emission 
intensity of CPPOA-capped NaYF4:Yb/Tm@NaYF4:Tb increases first and 
then decreases with increasing the amount of Tb3+ ions on the particle surface. 
Figure 4.9b reveals that the maximum intensity could be observed when the 
ratio of Tb to Y ions in the shell is 50%. We attributed this quenching effect at 
high concentration of Tb ions to the enhanced cross relaxation caused by 





























Figure 4.9 (a) Upconversion luminescence spectra of CPPOA-capped 
NaYF4:Yb/Tm@NaYF4:Tb as a function of the Tb3+ concentration under the 
980 nm excitation. (b) Plot of Intensity of relative peak against amount of Tb3+ 
ions on surface of the particle surface. (c) The photos of the ethanol solution 
containing CPPOA-capped NaYF4:Yb/Tm@NaYF4:Tb nanoparticles with 
different ratios of Tb to Y taken under the excitation of a 980 nm laser. (I) 












In ligand-assisted energy transfer process for tuning upconversion 
luminescence, CPPOA ligand on the particle surface can bridge the energy 
transfer from the accumulator in the core to the activator on the outmost shell 
layer. Significantly, the CPPOA ligand can serve as a sensitizer to largely 
enhance the downconversion luminescence of activators on the particle 
surface. Therefore, our ligand-capped nanoparticles exhibit dual-modal 
emissions. 
To demonstrate downconversion effects of designed upconversion 
nanoparticles due to ligand CPPOA, we measured the photoluminescence 
spectra of as-synthesized CPPOA-capped NaYF4:Yb/Tm@NaYF4:Tb core-
shell nanoparticles under the UV excitation. As shown in Figure 4.10a, as-
synthesized ligand-modified nanoparticles exhibit a strong broadband 
excitation spectral region from 255 nm to 380 nm. The maximum excitation 
wavelength is around 340 nm for optimal luminescence. Compared to 
NaYF4:Yb/Tm@NaYF4:Tb core-shell nanoparticles, CPPOA modification 
could significantly improve the photoluminescence of Tb3+ on the particle 
surface, showing bright green colors under the UV excitation (Figure 4.10b). 
In order to further optimize the emission, we varied the amount of Tb3+ ions to 
exchange with the nanoparticles, while fixing the concentration of CPPOA 
ligand, we found that the optimal luminescence could be achieved when the 
percentage of Tb3+ relative to Y3+ in the shell layer is 50% (Figure 4.11). This 
dual-modal luminescence would make our nanoparticles promising as labels 
for multiplexed imaging and anti-counterfeiting applications under NIR and 





















Figure 4.10 Downconversion luminescence under UV excitation. (a) Room-
temperature excitation spectra of CPPOA-capped 
NaYF4:Yb/Tm@NaYF4:10%Tb nanoparticles in ethanol solution. (b) The 
photoluminescence of CPPOA ligand, NaYF4:Yb/Tm@NaYF4:Tb 
nanoparticles (UCNP), and CPPOA-capped NaYF4:Yb/Tm@NaYF4:Tb 
nanoparticles (CPPOA-UCNP) in ethanol solution under the 340 nm 
excitation. Insets show photographs demonstrating luminescence from the 
NaYF4:Yb/Tm@NaYF4:Tb nanoparticles (UCNP) and CPPOA-capped 





















Figure 4.11 Room temperature photoluminescence of CPPOA-capped 
NaYF4:Yb/Tm@NaYF4:Tb nanoparticles with different Tb concentration in 
ethanol solution under the 340 nm excitation. (a) 10%, (b) 30%, (c) 50%, (d) 
70%, (e) 100%. Insets show photographs demonstrating dual-modal 
luminescence from the corresponding CPPOA-capped 










In summary, we have designed and synthesized CPPOA-capped 
NaYF4:Yb/Tm@NaYF4 core-shell upconversion nanoparticles for fine tuning 
of upconversion emissions under the excitation of a 980 nm laser by ligand-
assisted energy transfer process. In our study, uniform and monodisperse 
NaYF4:Yb/Tm@NaYF4:Tb core-shell nanoparticles have been synthesized. 
The CPPOA ligand served as a bridge to absorb the UV emissions of Tm3+ 
ions and subsequently transfer the absorbed energy to activators in the shell 
layers. As a result, the emissions of activators have been realized. Furthermore, 
these nanoparticles not only possessed tunable upconversion emissions, but 
also exhibited an intense downconversion emission under UV excitation. The 
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In this dissertation, we developed a series of novel lanthanide-doped 
upconversion nanoparticles for fine tuning upconversion luminescence. 
Upconversion nanostructures with strong NIR emission centred at 800 nm 
with high NIR-to-Vis ratio were fabricated by integrating NaYF4:Yb/Tm and 
Au nanoparticles. Next, we developed a facile cation exchange process to 
finely tune energy migration-mediated upconversion luminescence in 
NaGdF4@NaGdF4 core-shell nanoparticles in aqueous solution. In addition, 
fine tuning and further improvement of upconversion emissions was achieved 
by a ligand-assisted energy transfer process. 
In the 2nd chapter, we demonstrated a rational design and synthesis of Dox-
loaded hairpin DNA-functionalized NaYF4@SiO2-Au upconversion 
nanoconjugates, showing excellent biocompatibility and high stability in 
physiological environment. Specifically, under the excitation of 980 nm laser, 
these nanoconjugates exhibit strong NIR emission centred at 800 nm with high 
NIR-to-Vis ratio and photothermal effect owing to selectively quenching of 
upconversion emission in UV and visible region by 2 nm Au nanoparticles. 
Importantly, the photothermal effect on the particles surface could be utilized 
to trigger the Dox molecules to release out from the double-helix structure of 
thermal-sensitive hairpin DNA (hpDNA). Furthermore, we demonstrated the 
deep-tissue imaging and light-triggered drug release to cancer cells using these 
multifunctional upconversion nanoconjugates. The advances on these 
multifunctional nanoconjugates could enable exciting new opportunities to 
achieve simultaneous deep-tissue diagnostics and therapeutics for biomedical 
applications. 
We next presented a facile a cation exchange approach for fine tuning of 
energy migration-mediated upconversion luminescence in aqueous solution in 
the 3rd chapter. The color change could be observed after a cation exchange 





protection inert gas atmosphere. The upconversion luminescence could be 
modulated by deliberately adjusting the component and concentration of 
activators. This study opens up an exciting opportunity of achieving highly 
stable high-quality upconversion nanocrystals in aqueous solution with 
desirable optical properties. The resulting nanoparticles are promising 
biomarkers for biological applications. 
The ligand-assisted energy transfer process was introduced in the 4th 
chapter. In this study, organic ligands were used to further improve the 
luminescence intensity and tuning emissions. The suitable ligand on the 
surface could efficiently absorb the UV emissions from the upconversion 
nanoparticles and back transfer the energy to the activators in the shell layers, 
thus increasing the emission intensity. Importantly, this ligand-assisted energy 
transfer process enables color tuning of upconversion emissions. These 
findings are of considerable importance because abundant emission colors 
could be obtained by varying the activators in the shell layers and changing 
the ligands on the surface. Further research should attempt to develop more 
ligands that can more efficiently improve the emission intensity. This 
approach could render these luminescent nanomaterials as spectral converter 
more useful in photonic devices. 
These nanoparticles with colorful emissions are very promising for 
bioimaging applications. Despite the advances on color tuning of 
upconversion emissions, there are still some limitations in their potential 
applications. For example, the conversion efficiency is still very low. The 
upconversion efficiency of nanoparticles is below 1%. This low quantum 
efficiency largely limits their applications in photonic devices. Furthermore, 
the color tuning is limited to a few activators (Er3+, Tm3+, Ho3+ etc.). To 
overcome above-mentioned problems, more efforts are still needed to fabricate 
highly bright upconversion nanoparticles with abundant emission colors.  In 
addition, another possible avenue of research work is to develop nanoscale 
integration of different functional materials for a variety of applications. 
To keep up with the growing request of various applications, development 
of novel functional upconversion nanoparticles with tunable emissions is 





 Generally, conventional host materials including fluorides and 
oxides for efficient upconversion luminescence are insulators, which 
hamper theirs applications in optoelectronic fields.  Therefore, one 
of the possible directions of future work is to develop highly 
efficient upconversion luminescence in lanthanide-doped 
semiconducting nanocrystals. 
 Despite advances in tunable lanthanide luminescence, fine tuning of 
the colorful upconversion luminescence is still restricted by the 
narrow bandwidth of lanthanides and limited activators for 
upconversion.  It is well known that semiconducting quantum dots 
exhibit tunable and broadband emission with high quantum 
efficiency. Another possible avenue of further work is to develop 
nanoscale integration of upconversion nanocrystals with 
semiconducting quantum dots. This kind of combination would 
make the nanoparticles more colorful. As an additional benefit, the 
semiconducting property of quantum dots would be promising in 
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